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The ferecrystals [(MSe)1+δ]m[NbSe2]n withM = Pb and Sn are novel layered inter-
growth compounds ofm NbSe2 monolayers (consisting of three atomic monolayers:
Se-Nb-Se), stacked repeatedly with n PbSe or SnSe atomic bilayers. Bulk NbSe2 is
a layered compound showing charge density waves and superconductivity. Due to
their artificially atomic-scale layered structure, ferecrystals could serve as model
systems for layered superconductors. In this study, their structural and electrical
properties are investigated. Using transmission electron microscopy a turbostrat-
ically disordered, nanocrystalline structure of the ferecrystals is revealed. The
atomic structure within the individual layers is similar as for bulk NbSe2, PbSe
and SnSe, with the crystallographic c-axes of NbSe2, PbSe and SnSe parallel to
the stacking direction in the ferecrystals. The in-plane electrical resistivity values
are within the range of values reported for bulk NbSe2 and PbSe or SnSe. The
dependence of the in-plane resistivity and Hall coefficient on m and n reveals de-
viations from a simple parallel resistors model, showing a contribution of the PbSe
and SnSe layers to the electrical transport in the ferecrystals. A quantitative anal-
ysis using a two-layer model fit to the magnetic field dependence of the resistance
yields a carrier type and density in the NbSe2 layers, which are similar as reported
for isolated NbSe2 monolayers and differ from those of bulk NbSe2. A normal-to-
superconducting transition has been detected for the first time in ferecrystals.
The transition temperatures are Tc ≈ 0.82(5)K to 2.66(4)K. For the ferecrystals
[(PbSe)1+δ]1[NbSe2]n with n = 1, 2, 3, Tc is only 44% to 64% of Tc of analogous
non-turbostratically disordered misfit layer compounds. This reduction in Tc can
be ascribed to the turbostratic disorder in ferecrystals if non-stoichiometry and
octahedral coordination of the Nb atoms by Se can be excluded. The ratio between
the cross-plane Ginzburg-Landau coherence length and the cross-plane distance
between the NbSe2 layers for the ferecrystals [(SnSe)1+δ]m[NbSe2]1 is lower than
for bulk NbSe2 and non-disordered misfit layer compounds, making ferecrystals
promising candidates for (quasi-)two-dimensional superconductors.
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Die Ferekristalle [(MSe)1+δ]m[NbSe2]n mit M = Pb und Sn sind neuartige Ver-
wachsungs-Schichtverbindungen aus m NbSe2 Monolagen (bestehend aus drei
Atomlagen: Se-Nb-Se), die wiederholt mit n atomaren Bilagen PbSe oder SnSe
geschichtet sind. NbSe2 ist eine Verbindung mit Schichtstruktur, die Ladungsdich-
tewellen und Supraleitung zeigt. Aufgrund ihrer synthetischen, atomar geschichte-
ten Struktur könnten Ferekristalle als Modellsysteme für geschichtete Supraleiter
dienen. In dieser Arbeit werden ihre strukturellen und elektrischen Eigenschaften
untersucht. Mittels Transmissionselektronenmikroskopie wird die turbostratisch
ungeordnete, nanokristalline Struktur der Ferekristalle nachgewiesen. Die atoma-
re Struktur innerhalb der einzelnen Schichten ist ähnlich wie in den Volumen-
materialien NbSe2, PbSe und SnSe, wobei die kristallographischen c-Achsen von
NbSe2, PbSe und SnSe parallel zur Stapelrichtung in den Ferekristallen zeigen.
Die elektrischen Widerstände der Ferekristalle sind innerhalb des Bereichs von
Werten, die für die Volumenmaterialien NbSe2, PbSe bzw. SnSe berichtet wur-
den. Die Abhängigkeit des Widerstandes und des Hallkoeffizienten von m und n
ergibt Abweichungen von einem einfachen Parallelwiderstandsmodell, was zeigt,
dass die PbSe und SnSe-Schichten zum elektrischen Transport beitragen. Eine
quantitative Analyse unter Verwendung eines Zwei-Schicht-Modells und der Ma-
gnetfeldabhängigkeit des Widerstands liefert eine ähnliche Ladungsträgerdichte
und Ladungsträgertyp in den NbSe2 Schichten wie für isolierte Einzellagen von
NbSe2 berichtet wurden und unterscheiden sich von denen des Volumenmaterials
NbSe2. Ein Übergang vom normalleitenden in den supraleitenden Zustand wur-
de zum ersten Mal in Ferekristallen nachgewiesen. Die Übergangstemperaturen
sind Tc ≈ 0.82(5)K bis 2.66(4)K. Für die Ferekristalle [(PbSe)1+δ]1[NbSe2]n mit
n = 1, 2, 3 ist Tc nur 44% bis 64% von Tc der nicht turbostratisch ungeordneten
Misfitschichtverbindungen. Diese Reduzierung von Tc kann der turbostratischen
Unordnung der Ferekristalle zugeordnet werden, wenn Nichtstöchiometrie und ok-
taedrische Koordination der Nb-Atome durch die Se-Atome in den NbSe2 Schich-
ten ausgeschlossen werden können. Das Verhältnis zwischen der schichtsenkrechten
Ginzburg-Landau-Kohärenzlänge und dem Abstand zwischen den supraleitenden
Schichten ist bei den Ferekristallen kleiner als bei NbSe2 Volumenmaterial und
einkristallinen Misfit-Schichtverbindungen, was Ferekristalle zu vielversprechen-
den Kandidaten für (quasi-)zwei-dimensionale Supraleiter macht.
Schlagwörter: Ferekristalle, Übergangsmetalldichalcogenide, Transmissionselek-
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1 Introduction to ferecrystals
Materials design on the atomic scale can open up new pathways for the under-
standing of the properties of novel solid state materials. Recently, transition
metal dichalcogenides (TMDCs) have drawn much attention due to the possi-
bility to exfoliate them to single or few atomic layer thin, two-dimensional (2D)
sheets [1–10]. Transition metal dichalcogenides are layered materials with versa-
tile electronic properties ranging from insulating, semiconducting, semimetallic to
metallic. Some of them, for example NbSe2, show low-temperature phenomena
such as superconductivity and charge density waves (CDWs) [1–11]. This makes
TMDCs promising candidates for the targeted design of novel 2D materials and
the exploration of 2D effects [1–10, 12–15].
Ferecrystals are novel layered intergrowth compounds consisting of atomically
thin layers of a TMDC stacked alternately with few-atomic-layer thin metal mono-
chalcogenide layers, as shown schematically in Fig. 1.1a. Ferecrystals are partic-
ularly interesting because their layer stacking sequences can be controlled on the
atomic scale, they are non-epitaxial and they can be prepared with a wide range of
possible material combinations [16–22]. With their artificially layered structure,
ferecrystals could serve as model systems for layered superconductors. Ferecrys-
tals are synthesized using physical vapor deposition and subsequent annealing
[16–20, 22–27]. This method could serve as a new approach for the preparation
of materials with properties similar to those of TMDC monolayers for large-scale
applications. In contrast to isolated exfoliated TMDC flakes, which are usually
limited in size and susceptible for oxidation and interfacial contamination [1–
3, 9, 10, 13], the TMDC layers in the ferecrystals investigated in this work are
embedded in a semiconducting material, hindering oxidation and increasing their
chemical stability. Furthermore, the ferecrystals can be fabricated on a macro-
scopic scale and they are not restricted to a certain substrate material.
The general formula of ferecrystals is [(MX)1+δ]m[TX2]n, whereM is a metal, T
is a transition metal and X is Se or Te [16]. In ferecrystals a repeat unit consisting
of m atomic bilayers of MX and n monolayers of TX2 (each monolayer consisting
of three atomic layers: X -T -X) is stacked repeatedly up to a total film thickness of
about 50 nm. The index δ represents the crystallographic misfit between the MX
and the TX2 layers and is typically 0.08 ≤ δ ≤ 0.23 [16, 17, 20, 21, 28]. Ferecrys-
tals have a turbostratically disordered, nanocrystalline structure [16, 19, 29, 30].
Turbostratic disorder means that the MX and TX2 layers show an apparently
random rotation around their crystallographic c-axes, while their c-axes are paral-
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Figure 1.1: Schematic of the structure of a) ferecrystals and b) conventional misfit
layer compounds [24].
lel to the stacking direction. Ferecrystals exhibit a turbostratic disorder between
subsequent MX and TX2 layers along the stacking direction and between grains
within the layer plane, as depicted in Fig. 1.1a [16, 17, 22–24, 30, 31]. Despite
the turbostratic disorder between adjacent grains within the layer plane, contin-
uous layers of composition TX2 and MX are usually maintained across the grain
boundaries throughout the ferecrystal sample. Due to the turbostratic disorder
the name ‘ferecrystals’, from the latin word ‘fere’ meaning ‘almost’, has been intro-
duced for these compounds. The origin of the chemical stability of the ferecrystals,
the mechanisms of a possible charge transfer and the charge-distribution in the
ferecrystals are not fully understood yet [16]. It has been shown that different
stacking sequences can be used to systematically change their electrical properties
[16–23, 31–33]. One of the most intriguing questions regarding the ferecrystals is,
whether their properties can be related to those of the single-layer 2D TMDCs
[1, 2, 8, 15]. Several key points for answering this question using the ferecrystals
[(PbSe)1+δ]1[NbSe2]n and [(SnSe)1+δ]m[NbSe2]1 will be described in the following.
A first open question is whether the atomic structures of the TX2 and MX
layers in the ferecrystals are similar to those in the binary compounds. It has
been shown that the crystal lattice of SnSe in ferecrystals containing MoSe2- and
VSe2 changes from (quasi-)tetragonal to the orthorhombic lattice of bulk SnSe at
room temperature, when increasing the thickness of the SnSe layers [19, 25, 34].
Furthermore, defects in the local structure, such as stacking defects and grain
boundaries, can have a high impact on the electrical properties of a material and
are difficult to detect by X-ray diffraction methods due to the turbostratically
disordered, nanocrystalline microstructure of the ferecrystals. It is therefore ad-
vantageous to use transmission electron microscopy (TEM) to investigate their
local structure.
Secondly, the influence of a structural peculiarity of the ferecrystals, namely
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their turbostratic disorder, on the electrical transport properties is still unknown.
In order to investigate the effects of the turbostratic disorder on the electrical
properties, the electrical properties of the ferecrystals can be compared to those
of compounds with similar layer stacking sequences of TX2 and MX , but which
do not show turbostratic disorder. Such compounds are the so called misfit layer
compounds (MLCs), which have been known for several decades [35–41]. Misfit
layer compounds are described by the same chemical formula as ferecrystals but
do not show turbostratic disorder and are typically grown as single crystalline
platelets [35–41]. In contrast to ferecrystals, MLCs can only be synthesized with
layer stacking sequences where m ≤ 3 and n ≤ 3 [16, 18–21, 35–38]. The electrical
properties of single-crystalline MLCs [(PbSe)1+δ]1[NbSe2]n have been investigated
thoroughly [39–43] and they can therefore serve as single-crystalline analogues for
ferecrystals to study the influence of turbostratic disorder. Turbostratic disorder
can result in new properties. For example, indications for a CDW transition have
been found in electrical resistivity and Hall coefficient in ferecrystals containing
VSe2 layers. A similar effect has not been reported for MLCs [19, 25, 35]. A CDW
is a periodic modulation of the conduction electron density and is a phenomenon
observed in low-dimensional solids [1, 12, 44–49]. The origin of CDWs and their
effects on structural and electrical properties are still not fully understood and are
an active area of research [1, 12, 15, 44, 48, 50, 51]. It has been suggested that
lattice distortions to achieve lattice matching along one direction in MLCs leads
to the suppression of a CDW in MLCs [19, 36]. A CDW transition in single- and
few-layer NbSe2 has been reported by Xi et al. [1].
Furthermore, it would be interesting to know how and to which extend the MX
layers in the ferecrystals change the electrical properties in comparison to isolated
TX2. Bulk single crystalline NbSe2 is a well-investigated metal-like TMDC with
interesting properties such as a CDW state below a temperature of TCDW ≈ 34K
[1, 12, 44, 50–57] and superconductivity below Tc ≈ 7K [58–63]. There are several
reports on electrical properties of isolated NbSe2 mono- or few-layers [1, 2, 8–
10]. NbSe2 monolayers (consisting of three atomic monolayers: X -T -X) were
found to be semimetallic [8, 15] in contrast to metal-like bulk compounds. The
[(PbSe)1+δ]m[NbSe2]n and [(SnSe)1+δ]m[NbSe2]n ferecrystals contain nmonolayers
of NbSe2, which are separated by m atomic bilayers of a semiconductor. One open
question is, whether these ferecrystals show indications for a CDW transition,
similar to those observed for [(SnSe)1+x]m[VSe2]n ferecrystals [19, 25, 64].
Using the compounds PbSe and SnSe in the ferecrystals in this study allows for
the comparison of the effects of a narrow-gap semiconductor, PbSe (Eg ≈ 0.28 eV
[65, 66]), in contrast to SnSe, a semiconductor with a wider band gap (Eg ≈ 0.9 eV
[67–69]). For the compound [(PbSe)1.14]1[NbSe2]1 a density functional theory
calculation has suggested a charge transfer from the PbSe to the NbSe2 layers
and that the valence band edge of the PbSe layers is shifted to energies above the
3
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Fermi level in the ferecrystals [23]. Experimental band structures of ferecrystals
and a quantitative influence of the MX layers on the low-temperature electrical
transport properties have not been reported before.
In this study, the influence of the MX layers on the transport properties of the
ferecrystals is investigated by analyzing the resistivity, carrier density and mobility
with respect to single-band and two-band models and by comparing their values
and their temperature dependencies to those of bulk and few-layer NbSe2.
One of the most interesting questions related to the ferecrystals is whether
they show 2D superconductivity, similar as reported for isolated NbSe2 bilayers
[2]. Superconductivity for ferecrystals containing only 1, 2 or 3 NbSe2 layers
(or layers of other superconducting materials) in the repeat unit has not been
reported before. Bulk NbSe2 is a well-investigated superconductor [58–63, 70] and
there are several reports on superconductivity in single-, bi- and few-layer NbSe2
[1, 2, 9, 10]. An open question is whether the ferecrystals containing single or
few layers of NbSe2 show similar transition temperatures Tc and similar trends in
Tc with increasing NbSe2 thickness as reported for single- or few-layer NbSe2 and
MLCs. Furthermore, the effect of turbostratic disorder on the superconducting
properties of the ferecrystals has also been unknown so far. The ferecrystal system
[(PbSe)1+δ]1[NbSe2]n allows to study the effect of turbostratic disorder, because
superconducting transition temperatures have been reported for the analogous
[(PbSe)1+δ]1[NbSe2]n MLCs [39–43]. The in-plane polycrystalline microstructure
of the ferecrystals is not expected to influence Tc as it does not influence Tc of
bulk NbSe2 substantially [71, 72].
Finally, it is not clear whether the individual NbSe2 layers in the ferecrys-
tals would act as independent superconducting NbSe2 layers or whether they are
coupled across the SnSe layers. The turbostratic disorder in the ferecrystals re-
sults in an incoherent atomic structure perpendicular to the layers, which could
result in a small cross-plane Ginzburg-Landau coherence length. A cross-plane
coherence length smaller than the distance between superconducting layers is a
signature of 2D superconductivity [73–75]. 2D superconductivity has, for example,
been reported for NbSe2 bilayers [2], LaSe-based misfit layer compounds [74], Nb
layers [76], layered Nb/Ge composites [77], SrTiO3 heterostructures [73] and for
Pb/Ge double bilayers [78]. The superconducting properties of single NbSe2 layers
separated by a semiconductor of systematically varying thickness have not been
reported so far. In this study, a possible 2D superconductivity is investigated for
the [(SnSe)1+δ]m[NbSe2]1 system by measuring the temperature dependent critical
magnetic fields and by determining the cross-plane Ginzburg-Landau coherence
lengths. Due to their layered structure and their versatility in material combina-
tions and stacking sequences, ferecrystals might serve as model systems for layered
superconductors, such as high-Tc superconductors.
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2 Structural and electrical properties of
ferecrystals
2.1 The atomic structure of ferecrystals and misfit layer
compounds
Ferecrystals and conventional misfit layer compounds (MLCs) consist of m atomic
bilayers of a monochalcogenide MX (M : metal, X: S, Se) stacked alternately with
n monolayers of a transition metal dichalcogenide TX2 (T : transition metal). The
expression ‘TX2 monolayer’ denotes a unit consisting of three atomic monolayers,
i. e. X -T -X, as indicated in Fig. 2.2. The general formula for both, ferecrystals
and MLCs, is [(MX)1+δ]m[TX2]n, where M can be a divalent or trivalent metal
(Sn, Pb, Sb, Bi, or a rare earth), T is a transition metal (Nb, V, Ta, Ti, Cr) and
X = Se, Te or S. The crystal structures of MX and TX2 are non-commensurate,
with a misfit between the two subsystems MX and TX2 in the ferecrystals. The
volume ratio between MX and TX2 units in a fixed volume is given by the misfit
parameter 1 + δ = 2VTX2/VMX , where VTX2 and VMX are the volumes of the unit
cells of TX2 and MX , respectively [36]. Misfit layer compounds have been known
for several decades, occur in nature and are well-investigated [36, 38], whereas
ferecrystals are newer compounds, the synthesis of which has been developed by
David C. Johnson and co-workers [16, 17, 26, 27]. In the following, differences
between the synthesis process and structural properties of ferecrystals and MLCs
will be described.
Synthesis process: Ferecrystals are synthesized using the so-called modulated
elemental reactants (MER) method [16–20, 24, 26, 27]. This method consists of
physical vapor deposition (PVD) of a sequence of individual monoatomic layers
and subsequent annealing of these precursors. During annealing a self-assembly of
the deposited amorphous precursors takes place during which the layers become
crystalline within the layer plane [16]. Using this method, the sequence of atomic
layers can be controlled on the atomic scale [16, 18–20]. The resulting ferecrys-
tals are turbostratically disordered, nanocrystalline thin films with a typical total
thickness of 40 nm to 50 nm.
Misfit layer compounds can be grown as plate-like crystals with a thickness
of several tens of micrometers using high-temperature vapor transport methods,
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often using halogen as transport agent [36–43, 79]. Usually, powder mixtures
of the elements or binary compounds are heated for several hours, ground to a
powder and then heated again in sealed evacuated quartz ampules in a temperature
gradient with temperatures of up to 700 ◦C - 1300 ◦C with the powder positioned
in the hot end, for several days [36, 80].
Thermodynamic stability: Ferecrystals are kinetically trapped, thermodynami-
cally metastable compounds [16–18], whereas misfit layer compounds are thermo-
dynamically stable compounds [36, 38].
Stacking sequences: The synthesis process of the MLCs provides little control
over the stacking sequence and it is usually limited to values m ≤ 2, n ≤ 3 [16, 36].
In contrast, for the ferecrystals the stacking sequence of MX bilayers and TX2
monolayers in the repeat unit is freely tunable [16–20]. Ferecrystals with m up
to 30 have been prepared so far [31, 34]. This offers a wide range of possibilities
for compounds and structural isomers that can be synthesized for many mate-
rial combinations. Using a repetitive layer stacking sequence is advantageous for
monitoring the quality of the samples using X-ray diffraction, necessary for the
calibration process for the synthesis.
Atomic structure: In this work [(PbSe)1+δ]1[NbSe2]n and [(SnSe)1+δ]m[NbSe2]1
ferecrystals will be investigated. Therefore, the atomic structure of NbSe2, PbSe,
SnSe and structure data previously reported for typical MLCs and ferecrystals
will be described in this section.
NbSe2 is a typical TMDC with a layered structure consisting of single NbSe2
monolayer sheets separated by van der Waals gaps (Fig. 2.1a). Each NbSe2 mono-
layer is built up of one atomic monolayer of Nb atoms, which is sandwiched be-
tween two Se monolayers, i. e. the stacking sequence in a NbSe2 monolayer is
Se-Nb-Se. Several polytypes exist for NbSe2, e. g. 2H-, 3R- and 4H-NbSe2, de-
pending on the stacking order of the individual TMDC layers and on the coordi-
nation of the Nb atoms by the Se atoms [29, 81–83]. The most common polytype
at room temperature (rt) is 2H-NbSe2 with a hexagonal lattice showing a trigonal
prismatic coordination of Nb atoms by Se.
Binary lead selenide (PbSe) has a rock-salt structure (Fig. 2.1a). The crystal
structure of tin selenide (SnSe) is layered consisting of stacked bilayers of SnSe
[67, 84]. At rt SnSe exists in the orthorhombic α-SnSe phase and undergoes a
displacive type of phase transition to the pseudo-tetragonal β-SnSe phase upon
increasing the temperature above 807K [67, 84].
In MLCs and ferecrystals NbSe2 and PbSe (or SnSe) are stacked alternately with
their c-axes parallel to the stacking direction. For a certain orientation relation
between NbSe2 and PbSe (or SnSe) with parallel c-axes, the in-plane lattice peri-
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Figure 2.1: Schematic of the structure of a) 2H-NbSe2, space group P63/mmc
with projections along [1 0 . 0], [1 2 . 0] and [0 0 . 1] according to [82], b) PbSe,
space group Fm3̄m [85] c) α-SnSe, space group Pmcn [84]. Unit cells are
indicated by blue solid lines. The dashed arrows in the [001] projections indicate
possible commensurate orientations with respect to the parameter b marked in
the NbSe2 unit cell in a) relatively to the PbSe and SnSe unit cells.
odicities of NbSe2 and PbSe (or SnSe) are nearly commensurate along one in-plane
direction. They are incommensurate along all other in-plane directions. In Fig. 2.1
the possible commensurate directions of NbSe2 and PbSe (or SnSe) are indicated
by dashed arrows in the [0 0 1] projections of PbSe and SnSe. The length of the
dashed arrow indicates the length of the longer diagonal of the rhombus-shaped
in-plane unit cell of NbSe2 with b =
√
3·aNbSe2 , where aNbSe2 is the in-plane lattice
parameter of 2H-NbSe2. In MLCs the layers are stacked in such a way that NbSe2
and PbSe (or SnSe) are aligned along the commensurate direction. The atomic
structure of a typical MLC, [(SnSe)1+δ]1[NbSe2]1 [35] is shown in Fig. 2.2. Sim-
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Figure 2.2: Crystal structure of the MLC [(SnSe)1.16]1[NbSe2]1 [30, 35]: a) projec-
tion of the crystal structure along the x-direction. The unit cell is indicated by
a black dashed line, the lattice parameter b is indicated by a dashed arrow. b)
Projection along the y-direction.
ilar to the ferecrystals, the c-axes of NbSe2 and SnSe in the MLCs are oriented
parallel to the stacking direction. The structure of this MLC is representative
for many other MLCs, such as [(PbSe)1+α]1[NbSe2]1 [36, 38, 40]. In the MLC
[(SnSe)1+δ]1[NbSe2]1 the atomic structure of SnSe is slightly distorted compared
to the bulk structure in order to achieve lattice matching along the commensurate
direction, i. e. along the y direction in Fig. 2.2. In the projection of the structure
along x a unit cell with lattice parameters b and c can therefore be found and is
indicated by black dashed lines in Fig. 2.2a. Along all other in-plane directions
the two crystal structures are incommensurate.
In contrast to MLCs, ferecrystals possess a turbostratically disordered, nanocrys-
talline structure, as shown schematically in Fig. 1.1a. Turbostratic disorder means
that the MX and TX2 layers are rotated (apparently randomly) around the crys-
tallographic c-axes, with the c-axes oriented parallel to the stacking direction
[17, 19, 22, 23, 25, 30, 31]. This turbostratic disorder is present between suc-
cessive layers along the stacking direction and between adjacent grains within
the layer plane. Despite the nanocrystalline microstructure, the MX and TX2
layers in the ferecrystals form mostly continuous layers throughout the sample
[16, 17, 19, 22, 23, 25, 30, 31].
For ferecrystals trigonal prismatic and octahedral coordination of Nb atoms by
Se atoms has been observed [29], whereas in MLCs containing NbSe2 the coordi-
nation is reported to be trigonal prismatic [35, 41, 43, 43].
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The origins of the stability of MLCs and ferecrystals and the mechanisms of the
interlayer bonding are not fully understood yet [16, 86–89]. Two possible bonding
mechanisms have been suggested for MLCs [86]: (1) non-stoichiometric compo-
sition, where either δ differs from the value resulting from the unit cell volumes,
or extra T atoms are introduced between two TX2 layers, or a substitution of M
atoms by T atoms takes place, and (2) metal cross-substitution, where T atoms
replace M in the MX layers and the same amount of M atoms replace T in the
TX2 layers. The influence of the turbostratic disorder on the bonding mechanisms
and electrical properties of the ferecrystals in comparison to MLCs is unknown
[16].
2.2 Electrical properties of ferecrystals and misfit layer
compounds
2.2.1 Electrical properties of transition metal dichalcogenides
Transition metal dichalcogenides (TMDCs) possess a large variety of electrical
properties, ranging from insulating, semiconducting, semimetallic, metallic to su-
perconducting [3–5]. In addition, they show low-temperature phenomena, such
as superconductivity and charge density waves (CDWs) [1, 3–5, 11, 83, 90, 91].
Transition metal dichalcogenides with a transition metal from the same periodic
table group number show similarities in their electrical properties [4, 5, 92]. In
addition, the electrical properties depend on the coordination of the transition
metal atoms by the chalcogenide atoms, which can be either trigonal prismatic or
octahedral [4, 29, 82, 83].
Group V TMDCs, especially NbSe2, will be described in the following, because
they will be relevant for this work. The compounds NbSe2, TaSe2 and VSe2
are narrow band metals or semimetals [4, 52, 60, 92–95] and are reported to form
charge density waves (CDWs) [4, 44, 50–57, 91, 94–96]. Bulk NbSe2 has a complex
band structure with several bands crossing the Fermi level [12, 15, 89, 97, 98]. The
metallic character of bulk NbSe2 is mainly attributed to a half-filled Nb-4dz2-band
[15, 23, 52, 89, 97–102]. Room temperature (rt) ab-plane resistivity values for
bulk NbSe2 single crystals have been reported as (0.7− 1.6) µWm [60, 63, 71, 83].
Polycrystalline NbSe2 is reported to show a rt resistivity of (1.96) µWm [71]. For
bulk NbSe2 single-crystals a rt carrier density of about 1.3× 1022 cm−3 can be
obtained using a single-band model from the in-plane Hall coefficients reported in
[60] and [52]. The in-plane Hall mobility for bulk NbSe2 single crystals calculated
from reported Hall coefficients and resistivity values is µ ≈ 3 cm2/Vs at rt [60] and
µ ≈ (48−100) cm2/Vs at T = 10K [52, 60]. The Seebeck coefficient of bulk NbSe2
at rt has been reported as n-type and changes the sign below a temperature of
about 50K [83, 103]. Bulk 2H-NbSe2 single crystals with a high residual resistance
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ratio RRR (RRR > 27) have shown a positive Hall coefficient for temperatures
down to about (30-60)K and a negative Hall coefficient for lower temperatures
[52, 54, 60]. This change in the sign of the Hall coefficient has been proposed
to be related to a charge density wave (CDW) transition at this temperature
[1, 54–57, 104]. A CDW is a periodic modulation of the conduction electron
density and is a phenomenon restricted to low-dimensional solids [1, 44–49, 104],
(Sect. 2.4.3). Their origin and effects on structural and electrical properties are
still not fully understood yet and an active area of research [1, 15, 44, 48, 50,
51]. For NbSe2 single crystals with a residual resistance ratio of RRR > 27 an
anomaly in the slope of the resistance is also observed at the CDW transition
temperature [1, 10, 50, 52, 53, 105]. For lower RRR the anomaly in resistivity
and the change in the sign of the Hall coefficient are not observed, the samples
remain p-type [1, 10, 52, 54]. However, although no signs in the resistivity and
Hall coefficients are observed, a CDW can still be present: in isolated mono-, bi-
and trilayers of NbSe2 CDW transitions were detected by Raman spectroscopy
although no indications for a CDW in the resistivity or Hall coefficients have
been observed [1]. An isolated single crystalline NbSe2 monolayer at rt has been
reported to be semimetallic, to show n-type conductivity, a carrier density two
orders of magnitude lower than the bulk carrier density and a similar carrier
mobility as for bulk NbSe2 single crystals [8, 15]. At Tc = 7K bulk 2H-NbSe2
shows a normal to superconducting transition [58–63, 83, 105]). The polytype
4H-NbSe2 shows a transition temperature of (6.3-6.5) K [83, 106] and a higher
CDW transition temperature. Isolated single crystalline mono-, bi- tri and few-
layers of NbSe2 have been reported to become superconducting below 7K with the
transition temperature systematically decreasing with decreasing layer thickness
[1, 9, 10, 63]. Other polytypes of NbSe2 and non-stoichiometric bulk NbSe2 have
shown different superconducting transition temperatures [61, 83], but the most
common polytype of NbSe2 at room temperature is 2H-NbSe2. NbSe2 is a type
II s-wave superconductor [13].
Bulk 2H-TaSe2 becomes superconducting at Tc ≈ 100mK − 200mK [107],
whereas bulk VSe2 does not become superconducting down to 12mK [108]. How-
ever, the CDW transition temperatures of 2H-TaSe2 and VSe2 single crystals are
higher than for NbSe2: for 2H-TaSe2 single crystals the CDW transition tem-
perature is reported as TCDW ≈ 85K − 110K [91, 109–111] and for VSe2 single
crystals it is TCDW ≈ 100K − 140K) [90, 95, 112, 113]. NbSe2 is a prototype
CDW material [12, 13, 114] and TMDC superconductor with one of the highest
superconducting transition temperatures Tc among the TMDCs.
2.2.2 Electrical properties of PbSe and SnSe
PbSe is a narrow direct band gap semiconductor with an energy gap of 0.27 eV-
0.29 eV [65, 66]. Band structure calculations and measurements of the density of
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state are reported in [115–117]. For PbSe n-type and p-type Hall coefficients have
been reported [65, 66]. Room temperature resistivity values of 19 µWm - 200 µWm
have been reported for PbSe single crystal films and bulk single crystals [65, 66].
For polycrystalline PbSe films of thickness (12 − 960) nm rt resistivity values of
(30− 1000) µWm have been reported [118, 119]. The resistivity of polycrystalline
PbSe films is reported to increase with decreasing temperatures between (110 −
400) K [118–120].
Room temperature hole density values of polycrystalline thin PbSe films of
thickness (100 − 550)nm have been reported as (0.2 − 1) × 1018 cm−3 [119, 120].
The rt charge carrier density of single crystalline bulk and single crystalline thin
film PbSe is reported as approximately (0.4 − 3) × 1018 cm−3 [65, 66]. For bulk
PbSe single crystals, carrier densities at T = 4.2K of (2.4 − 4.3) × 1018 cm−3
have been reported [65] and for epitaxial PbSe thin films, carrier densities of
(0.4− 2.0)× 1018 cm−3 at T = 77K have been reported [66].
For bulk PbSe single crystals Hall mobility values of (4 − 14) × 104 cm2/Vs at
T = 4.2K and of approximately 1000 cm2/Vs at rt have been reported [65]. For
PbSe single crystal thin films, mobility values of (0.2 − 1) × 104 cm2/Vs at T =
77K and (0.3 − 1) × 103 cm2/Vs at rt have been reported [66]. PbSe is reported
to become superconducting only under high pressure of about 300 kbar [121].
SnSe is a semiconductor with an indirect band gap of 0.61 eV to 0.90 eV and
a direct gap of 1.3 eV [67–69]. Band structure calculations for SnSe are shown
in [67, 122]. For bulk SnSe single crystals rt resistivity values of 3× 10−4 Wm to
4× 10−2 Wm have been reported [67, 123, 124] and for polycrystalline thin films
of thickness 80 nm to 410 nm rt resistivity values of 0.05 Wm to 5 Wm have been
reported [125–127]. Polycrystalline SnSe films with a preferential orientation of
the c-axis of SnSe normal to the resistivity measurement direction and with a
thickness 250 nm showed a rt resistivity of 0.05 Wm [125]. In the ferecrystals the
c-axis of SnSe is also normal to the measurement direction.
SnSe is reported to show p-type conductivity [124–126, 128, 129] for T = 77K to
300K with a rt carrier density of p = 0.3× 1016 cm−3 to 2× 1018 cm−3 [67, 124–
126]. The measurements reported in [124] were carried out within the ab-plane as
for SnSe in the ferecrystals and showed p =2× 1017 cm−3 to 2× 1018 cm−3 at rt.
Polycrystalline SnSe films of thickness 250 nm with a preferential orientation of
the c-axis of SnSe normal to the measurement direction showed a rt carrier density
of p =1016 cm−3 and a charge carrier mobility of about 50 cm2/Vs at rt [125].
For SnSe single crystals rt in-plane carrier mobility values of about 80 cm2/Vs-
200 cm2/Vs averaged over both in-plane directions have been reported [67, 124].
At T = 77K in-plane carrier mobilities of 600 cm2/Vs-7000 cm2/Vs have been re-
ported for bulk single crystals [124]. The carrier mobility of 7000 cm2/Vs at T =
77K is reported for bulk single crystals with carrier densities of only 3× 1016 cm−3
at T = 77K [124]. The mobility in bulk SnSe single crystals is reported to de-
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crease continuously with increasing carrier density, and mobility values of only
µ ≈ 500 cm2/(Vs) have been reported for samples with p = 2× 1018 cm−3 at
T = 77K [124]. Reports on the measurement of carrier density and mobility of
SnSe for T ≤ 77K have not been found. SnSe is reported to become supercon-
ducting only above a pressure of 600 kbar [130].
Recently, ab-initio calculations for SnSe with a rocksalt structure and measure-
ments on expitaxially grown SnSe have shown that rocksalt SnSe is a topological
crystalline insulator (TCI) [131, 132]. However, usually, bulk SnSe shows an or-
thorhombic unit cell at rt. In the MLCs, SnSe shows a square in-plane unit cell
[35] (Fig. 2.2), which is more similar to the rocksalt structure.
2.2.3 Electrical properties of NbSe2-, PbSe- and SnSe-based
misfit-layer compounds
Band structure and electrical properties
The MLCs containing NbX2 and TaX2 show resistivity values of a few µWm, sim-
ilar as the host compounds NbX2 and TaX2 [38]. These MLCs show a metallic
temperature dependence of the resistivity and a Debye temperature of approxi-
mately 200K [38]. The anisotropy between the cross-plane resistivity ρc measured
along the stacking direction and the in-plane resistivity ρab of [(SnS)1.17][NbS2] is
reported as ρc/ρab = 200 at rt [38]. For MLCs with M = Sn, Pb or Bi, positive
Hall coefficients and negative Seebeck coefficients have been reported [38].
The misfit layer compounds are often considered as intercalates of the TMDCs,
the intercalated material being the MX double layers. TMDCs intercalated with
alkali metals have been thoroughly investigated and a rigid-band model has been
successfully applied to explain their bonding mechanism and electrical proper-
ties [38, 133]. In this model it is assumed that the only change in the electronic
structure of the host material TX2 is a change in the band filling due to electron
donation from the intercalated material. To explain the electrical properties of
MLCs, the rigid band model has also been used as a first approximation. X-ray
photoelectron spectroscopy (XPS) of the MLCs [(SnS)1.20][TS2] with T = Nb,
Ti and Ta, have shown that the band structure is approximately a superposition
of those of the respective TX2 and MX compounds [134–138]. Accurate band
structure calculations of the MLCs or ferecrystals are difficult due to the incom-
mensurability between the two layer types in the MLCs. The structure has to be
approximated by a commensurate structure with a large unit cell and this might
lead to deviations from the actual band structure. Band structure calculations of
[(SnSe)1+δ]m[NbSe2]n or [(PbSe)1+α]m[NbSe2]n have not been reported so far.
As a well-known example of a band structure model for MLCs is [(SnS)1.20][NbS2]
will be explained in the following. Band structure calculations suggest that the
electronic structure of this compound can be approximated by a superposition of
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Figure 2.3: Schematic band alignment of SnS and NbS in [(SnS)1.20][NbS2] from
[38, 42, 135] (DOS : density of electronic states, E: electron energy). The states
are occupied up to the Fermi level EF, indicated by a dashed line.
the electronic structures of SnS and NbS2 with a charge transfer of a bout 0.4e
per Nb atom from SnS to NbS2 [139]. A schematic diagram showing the density
of states for SnS and NbS2 as deduced from [139] and as shown in [16, 38] is given
in Fig. 2.3. According to the band structure calculations for [(SnS)1.20][NbS2], due
to the charge transfer from SnS to NbS there are unoccupied holes in the valence
band of SnS (as shown schematically in Fig. 2.3). The holes in the SnS layer con-
tribute to the electrical transport in the MLC in addition to the holes in the Nb-dz
bands and have to be considered when calculating the carrier density or mobility
from the Hall coefficients. A similar result is obtained for the density of states
calculated for [(PbSe)1.13][NbSe2] in [23]. However, a final conclusion on the band
structure of this MLC has not been given yet. Effects of the incommensurability
are neglected in this calculation. Some reports confirm a charge transfer from SnS
to NbS, deduced from XPS spectra [138], whereas other reports of XPS measure-
ments of this compound conclude little or no charge transfer [136]. From the band
structure calculations for [(SnS)1.20][NbS2] in [139] it is concluded that there is
a covalent interlayer interaction between Sn 5s and S(NbS2) 3p bands[139] and
that there is no simple relation between the Fermi surfaces of [(SnS)1.20][NbS2],
SnS and NbS2 [139], showing that also at the Fermi surface there is considerable
covalent mixing of the wave functions of the two systems [139]. This is similar
to a report on (PbS)1.14(NbS2) in [89], where angle resolved photoemission spec-
troscopy and band structure calculations suggest that the electronic dispersion of
the MLC is drastically changed in comparison to NbS2. There are no reports on
the band structure of [(SnSe)1+δ]m[NbSe2]n MLCs.
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Properties of the MLCs [(PbSe)1+δ]m[NbSe2]n
In-plane electrical properties for [(PbSe)1+α]1[NbSe2]n MLCs have been reported
by [39–43, 140]. The rt resistivity is reported to be 1 µW to 6 µWm [40–43]. Hall
measurements have only been been reported for a powder compact of n = 1, which
showed a positive Hall coefficient with a carrier density of about p = 6× 1021 cm−3
obtained using a single-band model from the Hall coefficient [42]. The transition
temperatures to superconductivity for MLC single crystals with n = 1 and n = 2
obtained by in-plane resistance measurements are between 3 and 5K [40–43, 140].
MLC single crystals with n = 1 and n = 2 have been reported to show an increase
in Tc with increasing n [39–43, 140]. Critical magnetic field measurements for
n = 2 reported by Nader et al. [41] indicated in-plane and cross-plane Ginzburg-
Landau coherence lengths of 16.8 nm and 3.4 nm, respectively.
Properties of the MLCs [(SnSe)1+δ]m[NbSe2]n
In-plane electrical properties for MLCs of the type [(SnSe)1+δ]m[NbSe2]n have not
been reported yet. However, there is a report on a [(SnSe)1.16][NbSe2] powder
compact [35], which shows a metal-like temperature dependence of the resistivity,
a rt resistivity of about 6 µWm and a hole density obtained by a single-band model
from the Hall coefficient of about p = 3× 1021 cm−3.
Reviews of the structural and electrical properties of many other MLCs are
given in [36, 38].
2.2.4 Electrical properties of ferecrystals
Electrical properties of several types of ferecrystals have been reported [16–19, 21–
24, 31–33]. Most of these measurements have been performed above temper-
atures of T = 20K. Depending on the composition of the constituent layers,
semiconducting to metallic properties are observed, similar as for MLCs. Trans-
port properties at lower temperature, especially superconducting properties of
most ferecrystals, e.g. [(PbSe)1+δ]1[NbSe2]n and [(SnSe)1+δ]m[NbSe2]1, are still
unknown. The influence of the turbostratic disorder and polycrystallinity on
the electrical properties is still an open question. Therefore, in this work the
ferecrystals [(PbSe)1+δ]1[NbSe2]n are investigated with the goal to compare their
structural and electrical properties to those of the analogous MLCs, for which
data on structural and electrical properties (temperature-dependent resistivity,
superconductivity) have been reported [39–43]. Furthermore, the ferecrystals
[(SnSe)1+δ]m[NbSe2]1 are investigated in this work in order to study the effects
of increasing the distance between NbSe2 layers by introducing a certain num-
ber m of SnSe bilayers between them. In contrast to MLCs, for ferecrystals it
is possible to increase m and n to values larger than 3. In addition, the tur-
bostratic disorder might lead to a decoupling of the transport in the individual
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layers in the ferecrystals and to an increased two-dimensional behavior. This might
lead to an enhancement of low-dimensional effects, such as charge density waves,
which occur, e.g., in NbSe2 [44, 51–55] or of 2D superconductivity. Therefore, the
structural and electrical properties of the ferecrystals [(SnSe)1+δ]m[NbSe2]1 were
investigated in this work. The effect of an increasing separation between single
atomic layers of NbSe2 by introducing a semiconductor between the layers on the
superconductivity has not been reported until this work. Furthermore, a compar-
ison of the electrical properties to those of [(PbSe)1+α]m[NbSe2]1 ferecrystals, also
to those with m = 1−6 reported in [23], allows to observe the effect of exchanging
the narrow-band-gap semiconductor (PbSe) with a larger band gap semiconductor
(SnSe) in the ferecrystals.
2.3 Single- and two-layer models for electrical transport
2.3.1 Drude-Sommerfeld model
The Drude-Sommerfeld model of quasi-free charge carriers described below is a
model for electrical transport in metals with a single parabolic band. It can be
used to describe the influence of material parameters such as carrier density and
mobility on the electrical resistivity, Hall coefficient and magnetoresistance. The
Drude-Sommerfeld model uses the following equation of motion for charge carriers
with the effective mass m∗, the relaxation time τ , the drift velocity vD and the




= q(~E + ~vD × ~B). (2.1)
The charge q is negative for electrons (q = −e) and positive for holes (q = e),
where e = 1.602× 10−19 C is the elementary charge. The effective mass and the
relaxation time are assumed to be independent of the energy of the charge carriers
in this model. For the evaluation of this equation a simple exemplary measurement
setup suitable for the measurement of resistivity, Hall coefficient and magnetore-
sistance is shown schematically in Fig. 2.4. A current with density ~J is applied
along the direction x of a bar-shaped sample. The components of the current
along y and z are zero. The voltage Vx is measured parallel to the current. The
Hall voltage VH is measured along the direction y and for the magnetoresistance
and Hall measurements a magnetic field ~B = (0, 0, B) is applied. Using Eq. (2.1)
the relation between the electric field and the current density ~J is given by [141,
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Figure 2.4: Schematic measurement setup for Hall and magnetoresistance mea-
surements with a bar-shaped sample in a magnetic field ~B and with a current
density ~J .
Ch. 3.4], [142, Ch. 7.3]
~J = qn~vD =
nµ
1 + µ2B2
 |q| qµB 0−qµB |q| 0
0 0 |q|(1 + µ2B2)
 ~E = ¯̄σ~E = ¯̄ρ−1~E , (2.2)
where µ = |vD|/|E| = |q|τ/m∗ is the charge carrier mobility [143, Ch. 8] [144,
Ch. 9.5] and n is the charge carrier density. The tensor ¯̄σ is the conductivity tensor
and the resistivity tensor ¯̄ρ is given by the inverse of ¯̄σ. Using the resistivity ten-
sor, equations for the resistivity and the Hall coefficient in terms of charge carrier
density and mobility can be derived (Sects. 2.3.2 and 2.3.3).
The equations derived using the Drude-Sommerfeld model can also be derived
using the linearized Boltzmann equation [143, 144]. In the Boltzmann equation
the dependence of the scattering time τ on the energy E is considered, which can
be important for semiconductors, where τ can vary strongly with E [141, 145].
In this case the interpretation of the Hall coefficient and magnetoresistance then
requires the knowledge of the scattering time τ averaged over the energy (e. g. the
Hall scattering factor for the Hall coefficient), which is often unknown. However,
for simple metals and semimetals the variation of τ with E can be regarded as
small and τ mainly depends on the Fermi Energy, τ ≈ τ(EF) and the results
derived with the Drude-Sommerfeld model agree with the results obtained from
the Boltzmann equation for metals [145]. Furthermore, the derived equations only
hold for sufficiently small fields E and B which do not change the carrier density.
Otherwise, quantum effects in high magnetic fields and at low temperatures need
to be considered.
2.3.2 Resistivity, Hall coefficient and magnetoresistance in a
single-band model
In this section the Drude-Sommerfeld model will be applied to the measurement
setup in Fig. 2.4 with the assumption of homogeneous, isotropic metals with a
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single parabolic band. The resistivity ρ for (B = 0) is measured by applying a
current I along x and measuring the voltage Vx






whereW is the width, d the thickness of the sample and L is the distance between
the voltage contacts (Fig. 2.4). With B = 0 in Eq. (2.2),
~J = qn~vD = |q|nµ~E = σ~E = ρ−1~E . (2.4)
The directions of the current density and the electric field are parallel. The resis-
tivity is given by
ρ = (|q|nµ)−1. (2.5)
The temperature dependence of ρ of metals can be derived using Matthiessen’s
rule, which implies that the different scattering processes of the charge carri-
ers in the material are independent. If only scattering at neutral-impurities and
electron-phonon scattering are present, the resistivity is a sum of a temperature-
independent term ρ0, resulting from scattering at neutral impurities and a second,
temperature-dependent term resulting from electron-phonon scattering. For sim-
ple metals the latter term is given by the Bloch-Grüneisen equation [146, 147].







(ex − 1)(1− e−x) , (2.6)
where θD is the Debye temperature and α is a constant which depends on material
parameters, such as the Fermi energy, which are assumed to be temperature-
independent. For T & θD, ρ ∝ T and for T << θD, ρ ∝ T 5 . Hall measurements
are performed by applying a magnetic field B along z, a current I along x and
measuring the Hall voltage VH along y (Fig. 2.4). The Hall voltage is given by
VH = Ey ·W = ρyx · J ·W = ρyx · I/d, (2.7)
where Ey is the y-component of the electric field and Jy = Jz = 0. Using Eq. (2.2)
gives ρyx = B/(qn). The Hall coefficient RH is defined as






Therefore, in a single-band model, the carrier density n and the sign of the charge
carriers (electrons or holes) can be directly obtained by measuring the Hall coef-
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With the carrier density n and the mobility µ, the mean free path of the charge
carriers can be calculated:







with τ = m∗µ/e and the Fermi velocity vF = ~(3π2n)1/3/m∗.
Transversal magnetoresistance measurements are performed by applying a mag-
netic field B along z, a current I along x and measuring the voltage Vx (Fig. 2.4).
The transversal magnetoresistance MR is given by
MR ≡ R(B)−R(B = 0)
R(B = 0) = 0, (2.11)
where R(B) = Vx(B)/I and Vx = Ex · L = ρxx · J · L. Since ρxx = 1/(|q|nµ)
(Eq. (2.2)), R is independent of B and the magnetoresistance is zero in the single
band model.
2.3.3 Resistivity, Hall coefficient and magnetoresistance in a two-band
model
Two-band model
In many semiconductors or semimetals two or more types of charge carriers con-
tribute to the electrical transport, e. g. electrons and holes, light and heavy holes
or s-and d-type electrons or different parallel layers with different carrier densities
and mobilities. In this section the Drude-Sommerfeld model of quasi-free charge
carriers will be applied again with the assumption of homogeneous, isotropic sam-
ples with parabolic bands. If charge carriers from several bands in the sample
contribute to the electrical transport, their two current densities add up to the




 |qi| qiµiB 0−qiµiB |qi| 0
0 0 |qi|(1 + µ2iB2)
 , (2.12)
where qi ni and µi are the charge, density and mobility of the charge carriers from
the ith band [141, Ch. 3.4], [142, Ch. 7.3]. The resistivity tensor is calculated from
the inverse of the total conductivity tensor ¯̄ρ = (¯̄σ1 + ¯̄σ2)−1. The resistivity for
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B
Figure 2.5: Schematic of the two-layer model for resistivity, Hall coefficient and
magnetoresistance measurements with a bar-shaped sample in a magnetic field
B along z and with a current density J along x.
B = 0 is then given by
ρ = (|q1|n1µ1 + |q2|n2µ2)−1, (2.13)
where |q1| = |q2| = e, the elementary charge. For ~B = (0, 0, B) the Hall coefficient
is given by [141, Ch. 3.4] [142, Ch. 9.6]




(q1n1µ21 + q2n2µ22) +B2µ21µ22(q1n1 + q2n2)
(n1µ1 + n2µ2)2 +B2µ21µ22(n1 + n2q1/q2)2
)
. (2.14)
For B → 0 and B →∞ the Hall coefficient is independent of B. The transversal
magnetoresistance is given by [148], [142, Ch. 9.6], [149, Ch. 7.1.2]




(n1µ1 + n2µ2)2 +B2µ21µ22(n1 + n2q1/q2)2
. (2.15)
The magnetoresistance is always positive in this model. For B → 0, MR ∝ B2
and for B →∞, MR saturates.
Two-layer model
If the two types of charge carriers in the sample are located in two different
independent parallel layers with thicknesses t1 and t2 as shown schematically in
Fig. 2.5, the current density is given by
~J = t1
¯̄σ1 + t2 ¯̄σ2
(t1 + t2)
~E = ¯̄ρ−1~E . (2.16)
with ¯̄σi defined as in Eq. (2.12). The resistivity for B = 0 is then given by




































Figure 2.6: Schematic measurement setup for a) and b) van der Pauw resistivity
measurements and c) Hall measurements.





(q1n1t1µ21 + q2n2t2µ22) +B2µ21µ22(q1n1t1 + q2n2t2)
(n1t1µ1 + n2t2µ2)2 +B2µ21µ22(n1t1 + n2t2q1/q2)2
)
. (2.18)
The magnetoresistance is given by [142, 148]
MR = B
2n1t1n2t2µ1µ2(µ1 − µ2q1/q2)2
(n1t1µ1 + n2t2µ2)2 +B2µ21µ22(n1t1 + n2t2q1/q2)2
. (2.19)
Equations 2.18 and 2.19 are similar as Eqs. 2.15 and 2.15, except the carrier
densities ni are replaced by the respective products niti. A program written to
calculate the Hall coefficient and magnetoresistance in the two-layer model in this
work is shown in Sect. B.18.
2.3.4 Van der Pauw method
The van der Pauw method is a special four-terminal sensing measurement tech-
nique useful for measuring the resistivity and Hall coefficients of thin films of ar-
bitrary shape. Four contacts have to be applied to the sample, as shown schemat-
ically in Fig. 2.6. Four conditions which have to be fulfilled:
1. The contacts are at the circumference of the sample.
2. The contacts are sufficiently small.
3. The sample is homogeneous in thickness.
4. The surface of the sample is singly connected, i. e. the sample does not have
isolated holes.
Van der Pauw resistivity measurement
Under the above conditions, the resistivity ρ of a thin film of arbitrary shape is
given by [150, 151]
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where d is the total sample thickness and the resistance RAB,DC = VDC/IAB is
measured by applying a current from contact A to B and measuring the potential
difference VD − VC between contacts D and C, as illustrated in Fig. 2.6a. Simi-
larly, the resistance RBC,AD = VAD/IBC is determined by applying a current from
contact B to C and measuring the potential difference VA − VD between contacts
A and D (Fig. 2.6a). The factor f is a function of the ratio RAB,DC/RBC,AD and













In this work, Eq. (2.21) is solved numerically using a MATLAB program shown in
Sect. B.15).
Van der Pauw Hall coefficient
For the Hall measurements a magnetic field B is applied perpendicularly to the
layer surface (Fig. 2.6a). The Hall coefficient RH is given by [150, 151]
RH = −
d · [RCA,BD(B)−RCA,BD(B = 0)]
B
= −d · VH(B)
I ·B
, (2.22)
where d is the total sample thickness and the resistance RAC,BD is measured by
applying a current I from contact C to A and by measuring the voltage between
contacts B and D.
Estimations of the errors in resistivity and Hall coefficient caused by deviations
from the ideal contact sizes and positions are given in [150, 151] and are described
in Sect. 4.3.
2.4 Dimensionality effects on electrical transport
2.4.1 Normal state properties
For many transition metal dichalcogenides it is still an open question how their
thickness influences their electrical properties [1–4]. A prominent example for a
TMDC showing a drastic effect when reducing the thickness along the cross-plane
direction is MoS2 [4, 7]. Bulk MoS2 is a semiconductor with an indirect band gap,
whereas an isolated MoS2 monolayer is a direct band gap semiconductor with an
increased luminescence quantum efficiency by more than a factor of 104 [7]. This
transition from direct to indirect is attributed to a quantum confinement effect [7].
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For VSe2 intercalated with Cs atoms a 3D- to 2D-transition when increasing the
separation between the VSe2 monolayers, has been observed in the band structure
using angle-resolved photoemission spectroscopy [152].
For isolated 2D monolayers of NbSe2 the electric field and temperature de-
pendence of their conductivity has been reported [1, 8]. From the electric field
dependence it is concluded that a NbSe2 monolayer is a semimetal with electron
conduction [8], in contrast to bulk NbSe2 which is metal-like with hole-conduction.
Furthermore, the carrier density in a monolayer of NbSe2 is two orders of magni-
tude lower than the carrier density in bulk NbSe2 [8]. The mobility of the charge
carriers in the monolayer was found to be similar to the mobility of the 3D-NbSe2
compound [8]. A density functional theory calculation has shown that a charge
density wave state, which is typical for NbSe2, causes the NbSe2 monolayer to be-
come semimetallic, whereas it in the bulk system it remains a ’good metal’ in the
CDW state [15]. Other groups calculated metallic properties for a monolayer of
NbSe2 [98, 153, 154]. Resistance measurements of single, bi- and trilayers of NbSe2
have shown a metal-like temperature dependence of the resistance [1]. SnSe, is
reported to remain semiconducting when the thickness is reduced to four-atomic
layer thick nanosheets [155]. A density functional calculation suggests that SnSe
and PbSe remain semiconductors as 2D compounds, but their band gap increases
in comparison to the bulk band gap [156].
2.4.2 Superconductivity
Thin NbSe2 flakes have shown a decrease in Tc with decreasing sample thickness
along the cross-plane direction of NbSe2 [1, 9, 10, 63]. For bulk 2H-NbSe2 the
transition temperature is Tc = 7.2K, whereas for monolayers Tc of approximately
3.1K, for bilayers Tc = 5.5K and for trilayers Tc = 6.2K have been reported
[1]. For NbSe2 flakes with a thickness of 10nm Tc is reported as 5.7K to 6.7K
[9, 10]. Flakes which were 2-3-NbSe2 monolayers thick reported in [9, 10] were
nonconductive and after a high-current cleaning the flakes reported in [10] be-
came superconducting with Tc = 2K to 2.5K. The 2-3 monolayer thick NbSe2
flakes reported in [9] did not become superconducting down to 2.0K. A possible
explanation for the fact that no superconductivity has been observed in the re-
ports [9, 10] could be a degradation of the flakes due to air or UV exposure [3, 13].
A final explanation for the amount of decrease in Tc with decreasing thickness of
NbSe2 has not been found yet [9, 10, 13].
An experiment in which the distance between six superconducting NbSe2 layers
separated by non-superconducting TiSe2 is increased is reported in [157]. In this
experiment the increase in TiSe2 layer thickness has lead to a decrease in transition
temperature from Tc = 4.4K to Tc = 2.6K [157].
2D superconductivity in layered materials has been described using the Lawrence-
Doniach and Ginzburg-Landau theories [2, 73, 75, 114] (Sect. 2.5). A superconduc-
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tor is called a 2D superconductor if the cross-plane Ginzburg-Landau coherence
length ξc is smaller than s/
√
2, where s is the distance between the supercon-
ducting planes [74, 114]. The effects of a 3D-to-2D cross-over will be described in
more detail in Sect. 2.5.2. 2D superconductivity has, for example, been reported
for NbSe2 bilayers [2], thin Nb films [76], SrTiO3 heterostructures [73], layered
Nb/Ge composites [77], Pb/Ge double bilayers [78]. A list of experiments on 2D
superconductivity is given in [114]. Investigations of the dimensionality of the
superconductivity in ferecrystals have not been reported yet. Furthermore, the
effect of increasing the thickness of one of the layer types in the ferecrystals on
the superconducting properties has still been an open question.
2.4.3 Charge density waves
A charge density wave (CDW) is a spatial periodic modulation of the conduction
charge carrier density and is accompanied by commensurate or incommensurate
periodic lattice distortions [1, 12, 46, 47, 91, 109–111]. Charge density waves ap-
pear in low-dimensional, (quasi-)2D or 1D, materials [46, 47]. Their origin and
effects of CDWs on structural and electrical properties are not yet fully under-
stood and are still an active area of research [1, 10, 15, 44, 48, 50, 51, 54, 158].
The mechanism leading to CDWs in a one-dimensional metal has first been de-
scribed by Peierls [46, 159]. The transition to a CDW state sets in below a CDW
transition temperature, TCDW, and is accompanied with the opening of an en-
ergy gap at the Fermi energy [47]. The connection between charge density waves
and superconductivity in NbSe2 has not yet been fully understood, also for bulk
NbSe2 [1, 10, 54, 158]. A charge density wave state has been observed for several
TMDCs, e. g. for VSe2 by electron diffraction [96], scanning tunneling microscopy
[44] or other methods [54, 55, 57]. A change in the slopes of the temperature-
dependence of the resistivity (hump feature) and Hall coefficient are indications
for a CDW transition in NbSe2 [1, 10, 50, 50, 52–57, 60, 60, 95, 105, 112, 113].
For NbSe2 such anomalies in the resistivity are only observed for samples with a
high RRR [1, 52, 105, 160]. However, although in isolated NbSe2 mono-, bi- or
trilayers no indications for a CDW transition have been observed in the resistiv-
ity, CDW transitions in these flakes have been detected by optical methods [1]. In
bulk NbSe2 single crystals TCDW is approximately 33K, whereas for a few-layer
NbSe2 TCDW has been reported to increase up to TCDW = 145K for a monolayer
[1]. No indications for CDW transitions in resistivity or Hall coefficient have been
found in MLCs. However, in the ferecrystals [(SnSe)1+x]m[VSe2]n indications for
a CDW transition in resistivity and Hall coefficient have been observed [19, 25].
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2.5 Fundamentals of superconductivity
2.5.1 Basic phenomena
The research on superconductors started in 1911, when H. Kamerlingh Onnes ob-
served that the electrical resistance of various metals vanished abruptly below a
critical temperature temperature Tc [161]. A basic characteristic of superconduc-
tors is perfect conductivity. Another hallmark of superconductors is the expulsion
of a magnetic field from the inside of the superconductor as it is cooled below
Tc (Meissner effect). The existence of the Meissner effect also implies that su-
perconductivity is suppressed as the magnetic field exceeds a critical value Hc.
Equations describing the Meissner effect were derived by the London brothers in
1935 (London-equations) [162]. In 1950 Ginzburg and Landau [163] developed a
macroscopic theory of superconductivity (Ginzburg-Landau theory). The advan-
tage of the Ginzburg-Landau (GL) theory in contrast to the London theory is
the possibility to treat a spatial variation of the density of the superconducting
electrons ns and non-linear effects of strong fields which can influence ns [75]. The
first microscopic theory for superconductivity was proposed in 1957 by Bardeen,
Cooper and Schrieffer (BCS theory) [164]. In 1986 high-temperature supercon-
ductors were discovered by the measurement of Tc ≈ 30K for the quaternary
compound La-Ba-Cu-O by Bednorz and Müller [165]. In 1987 the first supercon-
ductor with Tc above the boiling point of liquid N2 was found with YBa2Cu3O7-δ.
These superconducting copper oxide compounds are layered materials contain-
ing atomically thin copper oxide planes. The highest ambient pressure transition
temperature reported so far is Tc = 133K for Hg2Ba2Ca2Cu3O10+δ, which also
shows a layered crystal structure [114, 166]. The microscopic mechanisms of high-
temperature superconductivity are still unknown so far.
NbSe2 has one of the highest critical temperatures among the transition metal
dichalcogenides, with Tc ≈ 7K [58–63, 83, 105]. NbSe2 shows a layered structure
with van der Waals gaps between atomically thin Se-Nb-Se layers. In the fere-
crystals single NbSe2 layers are stacked alternately with thin PbSe or SnSe layers.
Bulk PbSe or SnSe do not become superconducting at normal pressure [121, 130].
Due to their layered structure, the variety of possible material combinations and
the possibility to systematically vary the stacking sequences on the atomic scale,
the ferecrystals could serve as model systems for layered high-temperature super-
conductors. In the following the expression µ0H will be used for the magnetic
field instead of B in order to facilitate the comparison to literature on theory of
superconductivity, where H is frequently used. SI units are used in this work.
BCS theory
The BCS theory is a microscopic theory of superconductivity. It explains super-
conductivity by pairing of electrons into Cooper pairs, caused by electron-phonon
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coupling. The Cooper pairs are bound pairs of electrons with equal and opposite
wave vectors and spins and form a correlated coherent superconducting state. The
BSC theory predicts the existence of an energy gap Eg = 2∆ between the super-
conducting ground state and excited states. The BCS theory yields the following
relation between ∆ and the transition temperature Tc
∆(T = 0) = 1.764kBTc, (2.23)
where ∆(T = 0) is the energy gap of superconductivity at zero temperature and
kB is the Boltzmann constant.
Ginzburg-Landau theory
The Ginzburg-Landau (GL) theory is a phenomenological theory of superconduc-
tivity, which describes the macroscopic properties of superconductors [75, 163]. In
the GL theory a complex pseudowavefunction ψ is introduced as order parameter,
which describes the superconducting electrons. The local density of superconduct-
ing electrons ns is given by [75]
ns = |ψ(x)|2 . (2.24)
The GL theory is usually only valid near Tc, where the order parameter ψ is
sufficiently small. In the GL theory a characteristic length, the GL coherence
length ξ, is introduced. The GL coherence length is the distance over which ψ(r)
can vary without undue energy increase [75].
For pure materials with a large mean free path l of the normal-state charge
carriers (l→∞), the GL coherence length is given by [75]
ξ(T ) = 0.74 ξ0
(1− T/Tc)1/2
(pure limit), (2.25)
where ξ0 is the temperature-independent BCS coherence length. For materials,
in which the charge carriers have a small mean free path l, (l  ξ0), the relation
between the GL-coherence length ξ and the BCS coherence length ξ0 is given by
[75]




where l is the mean free path of normal metals.
The temperature-independent BCS coherence length for materials in the dirty
limit can therefore be estimated from extrapolating the Ginzburg-Landau coher-
ence length to T = 0 by [75, 76]
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ξ0 =
ξ2(0)
l · (0.855)2 (dirty limit). (2.27)
In the following, type-I and type-II superconductors will be described. Type-I
and type-II superconductors can be distinguished by the so-called GL parameter




where λL(0) is the London penetration depth extrapolated to T = 0 and ξ0 is the
BCS coherence length. For samples with a small mean free path (l ξ0), the GL




For κ < 1/
√
2 the material is a type-I superconductor and for κ > 1/
√
2 it is a
type-II superconductor.
Type-I superconductors
Type-I superconductors can be in two different states, i. e. the Meissner state and
the normal state. For magnetic fields higher than the thermodynamic critical
magnetic field Hc(T ), the material is in the normal conducting state and for
H < Hc it is in the superconducting state below Tc. The empirical temperature
dependence of the critical magnetic field for type-I superconductors is
Hc(T ) ≈ Hc(0)[1− (T/Tc)2]. (2.30)
Type-II superconductors
Type-II superconductors are characterized by two critical magnetic fields, the
lower critical magnetic field Hc1 and the upper critical magnetic field Hc2. For
magnetic fields H below the lower critical magnetic field Hc1, type-II superconduc-
tors are in the Meissner state. For magnetic fields higher than the upper critical
magnetic field Hc2, superconductivity completely vanishes. For Hc1 < H < Hc2
the type-II superconductor is in the mixed state (Shubnikov phase). In the mixed
state there is a partial magnetic flux penetration in the sample increasing con-
tinuously upon increasing H up to Hc2. In the mixed state the flux penetrates
the type-II superconductor in a regular array of flux tubes, each carrying a flux
quantum, which is given by
Φ0 =
h
2e = 2.07 · 10
−15 Tm2, (2.31)
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where h is Planck’s constant and e the elementary charge [75]. In each unit cell
of the array there is a vortex (also called Abrikosov vortex) of supercurrent con-
centrating the flux towards the vortex center.
The temperature dependence of the critical magnetic field for type-II supercon-
ductors has been approximated by the empirical formula [167, 168]
Hc(T ) ≈ Hc(0)[1− a(T/Tc)2], (2.32)
which is valid for temperatures near T = 0 and a value of a ≈ 2 has been
reported for type-II superconductors [167, 168].
The ferecrystals discussed here are assumed to be type-II superconductors, be-
cause they contain NbSe2, which is a type-II superconductor [9, 59, 167, 169–172].
Other intercalated transition metal dichalcogenides have also shown type-II su-
perconductivity [173].
2.5.2 Superconductivity in layered materials
The Lawrence-Doniach model
Lawrence and Doniach [174] introduced a model in which layered superconductors
are described as a stack of infinitely thin (2D), planar superconducting layers sep-
arated by a vacuum or insulating material. The stacked array of two-dimensional
superconductors is coupled by Josephson tunneling between the superconducting
layers [75]. Josephson tunneling is the phenomenon of Cooper pairs tunneling
between two superconductors which are separated by a non-superconducting ma-
terial (weak link), even at zero voltage difference between the two superconductors
[75, 175]. The Lawrence-Doniach (LD) model has been extensively applied to tran-
sition metal dichalcogenides intercalated with organic molecules [173, 176] and can
also be useful to describe effects in high-temperature superconductors [75, 177]. In
this work the LD theory is applied to ferecrystals, assuming that the NbSe2 lay-
ers are infinitely thin superconducting layers and SnSe is a non-superconducting
material between the NbSe2 layers.
The LD theory is based on the introduction of an anisotropic effective mass
tensor where mc is the effective mass component of the paired quasi-particles
along the stacking direction and mab is the component along the in-plane direction
[114, 178]. An anisotropy of the effective mass within the layer plane is neglected.
The LD model reduces to the anisotropic 3D GL theory near Tc and it can yield
new results at lower temperatures when crossing over to 2D behavior [75]. In the
anisotropic GL theory, the in-plane GL coherence length ξab and the cross-plane
GL coherence length ξc have to be distinguished. According to the LD theory, the
following equations hold for an anisotropic superconductor [75]:
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Figure 2.7: Schematic drawing an anisotropic layered type-II superconductor with
schematics of vortices [62, 75]. The elliptical vortex (framed in red) forms for
magnetic fields applied parallel to the layer planes, H‖. The circular vortex
(framed in black) forms for magnetic fields perpendicular to the layers, H⊥.














where mab and mc are the in-plane and cross-plane components of the effective
mass components of the quasi-particles, ξab and ξc are the in-plane and cross-plane
GL coherence lengths, and H2c‖ and H2c⊥ are in-plane and cross-plane upper
critical magnetic fields. The parameter γ is the anisotropy parameter commonly
used to describe the anisotropy of layered superconductors [114].
A schematic drawing of an anisotropic, layered superconductor with the cross
sections of vortices for parallel and perpendicular magnetic fields are shown in
Fig. 2.7. The superconductor is assumed to be isotropic in the a-b crystal plane.
Therefore, the vortex cross-section perpendicular to the layer stacking direction
is circular [75] for magnetic fields applied perpendicularly to the layer plane. The
in-plane coherence length ξab determines the vortex core radius for perpendicular
fields. For magnetic fields parallel to the sample surface, the vortices have an
elliptical cross section in the x − z or y − z plane. The in-plane and cross-plane
coherence lengths ξab and ξc determine the shape of the vortex core for magnetic
fields parallel to the layer surface [75]. The penetration depths λab and λc describe
the distance of the decay of the supercurrents flowing along the x − y plane and
along the z-direction, respectively. They are related inversely to the coherence
lengths according to Eq. (2.33). A material of layered superconducting planes is
called a 3D superconductor if the cross-plane coherence length ξc is larger than
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Figure 2.8: Schematic drawing of current configuration in a superconducting thin
film of thickness dsc ≤ λ
√
5 in a magnetic field a) parallel to the film surface,
H‖ and b) perpendicular to the film surface, H⊥ [178].
s/
√
2, where s is the distance between the superconducting planes [74]. In su-
perconductors with a strong anisotropy, the cross-plane coherence length ξc can
become very small. The dimensional cross-over from 3D to 2D for a layered mate-
rial below Tc according to the LD model takes place when ξc becomes smaller than
s/
√
2. For a (quasi-) 2D superconductor (ξc ≤ s/
√
2) the vortices are confined
between the superconducting layers for a magnetic field applied parallel to the
layer surface [74, 75].
To determine the in-plane and cross-plane coherence lengths ξab and ξc of layered
materials and to determine whether a material shows 2D or 3D superconductivity,
measurements of the temperature-dependent perpendicular and parallel critical
magnetic fields have been commonly used [73, 75, 77, 78, 114]. For 3D supercon-
ductors the temperature dependence follows the anisotropic 3D GL equations and
for 2D superconductors the critical fields are similar to the critical fields of a single
isolated thin film of thickness dsc ≤
√
5λ, where lambda is the penetration depth,
as defined in the GL theory [73–75, 77].
The configuration of the supercurrents in an isolated superconducting thin film
in a parallel and a perpendicular magnetic field is shown schematically in Fig. 2.8.
In the parallel magnetic field the width of a current loop is limited by the film
thickness. In the perpendicular field the vortex size can adjust according to the
magnetic field strength [178].
The perpendicular critical magnetic field
2D and 3D superconductors: The in-plane coherence length ξab can be deter-
mined by the measurement of the temperature dependence of the perpendicular
critical magnetic field. For a magnetic field applied perpendicularly to the layer
plane of a layered superconductor, the following equation from the GL theory can
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where µ0 is the vacuum permeability, Φ0 is the flux quantum and ξab is the in-
plane Ginzburg-Landau coherence length. Eq. (2.34) is valid for 2D as well as 3D
type-II superconductors in a perpendicular magnetic field. It also holds for thin
films of type-I superconductors in magnetic fields perpendicular to the film, but
with Hc2⊥ replaced by the thermodynamic critical field Hc⊥ [75, 179].
The parallel critical magnetic field
The temperature dependence of the parallel critical magnetic field of thin layered
materials differs for 2D and 3D superconductors.
3D superconductors: The temperature dependence of the parallel critical mag-
netic field of an anisotropic 3D superconductor can be described using the aniso-










where ξab is the in-plane GL coherence length and ξc is the coherence length
perpendicular to the layer plane. This equation is valid for temperatures near Tc.
2D superconductors: The temperature dependence of the parallel critical mag-
netic field of a 2D superconductor can be approximated by the temperature de-
pendence of an isolated thin film with the thickness dsc ≤
√
5λ [2, 73–75, 176].

















where dsc is the (temperature-independent) thickness of the superconducting thin
film or a length scale for the spatial distribution of the order parameter perpendic-
ular to the layer planes [73, 75]. The temperature T ∗ with ξc(T ∗) = s/
√
2 is the
cross-over temperature below which the layered superconductor shows 2D behavior
in the temperature dependence of the parallel critical magnetic field [73–77, 176].
Angle dependence of the critical magnetic field
3D superconductors: The angle dependence of the critical magnetic field de-
pends on the dimensionality of the superconductor [74, 75, 177]. For a 3D layered
type-II superconductor, the angle dependence of the critical magnetic field in the
anisotropic GL limit of the LD theory is given by [74, 75, 177]
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where θ is the angle between the magnetic field and the layer-plane [75]. Eq. (2.37)
can also be written as
µ0Hc2(θ) =
γµ0Hc2⊥(
cos2 θ + γ2 sin2 θ
)1/2 , (2.38)
where γ is the anisotropy parameter given by Eq. (2.33).
2D superconductors: For the angle dependence of the critical magnetic field







is obtained for isolated thin films with a thickness dsc ≤ λ
√




3 Experimental details for transmission
electron microscopy
3.1 Specimen preparation for transmission electron
microscopy
For structural analyses using transmission electron microscopy (TEM) the samples
under investigation have to be electron transparent. In order to resolve atomic
columns using high-angle annular dark-field scanning transmission electron mi-
croscopy HAADF-STEM, which is applied in this work, the samples should be
ideally only a few atomic layers thick.
In this work, the samples have been prepared for TEM using a conventional
cross-sectional preparation technique. The preparation steps are summarized in
Fig. 3.1. The first step in TEM specimen preparation was the formatting of the
samples. The samples, which were synthesized on Si(100) substrates have been
cleaved along the easily cleavable Si(110) planes using a scalpel. The samples
on quartz substrates were sawed with a diamond wire saw without water and
lubricant to prevent the ferecrystals to peel off the substrate. Subsequently, the
samples were glued face-to-face using the glue M-Bond 610, with subsequent curing
of the glue in a drying chamber at 150 °C for 2 h. After curing, the samples were
glued into a thin-walled ceramics tube using MBond AE 15 glue. This glue was
cured at 80 °C for 1.5 h. Subsequently, the samples were sawed into disks with a
thickness of about 300 µm using a diamond-wire saw. The slices were then ground
using abrasive diamond polishing paper and water containing a lubricant. The
smallest grain sizes of the polishing paper used were 9 µm for the first side and
1 µm for the second side of the disk-shaped sample. The final thickness of the slice
after grinding both sides was about 80 µm. A wax was used to affix the sample to
the sample holder. In order to apply and remove the wax, it had to be heated to
80 °C. The height of the disk before and after each polishing step was measured
with a caliper. On the side of the disk which had been ground with a grain size
down to 9 µm, an about 30 µm deep dimple was ground using the Gatan Dimple
Grinder Model 656 with a grinding wheel and diamond suspension. This dimple
was then polished with diamond suspensions with a grain size of 1 µm and 0.25 µm
using a wheel covered with felt for about 20min for each grain size. The second
side of the disk was polished with diamond suspensions with a grain size of 1 µm
and a 0.25 µm for about 20min for each grain size until the color of the silicon
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Figure 3.1: TEM specimen preparation steps.
substrate turned red. The thin samples (called specimens in the following) were
removed from the sample holders by dissolving the wax in trichloroethylene (for
several hours), acetone (for 10min) and in methanol for (10min). The specimens
were then ion milled using Ar ions in a Rapid Etching System RES010 (Baltec)
at the Humboldt-Universität zu Berlin and one specimen was ion milled in a
Precision Ion Polishing System (PIPS) at the Institut für Kristallzüchtung (IKZ).
The angle between the disk surface and the ion beam was 10°. During ion milling
it was possible to cool the specimens using liquid nitrogen. Finally, the specimens
were plasma cleaned for 3 min using an Ar/O gas to prevent contamination of the
specimens. Detailed TEM specimen preparation parameters for each specimen are
listed in Table A.1.
3.2 High-angle annular dark-field scanning transmission
electron microscopy
High-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) is a method used for the investigation of the local structure of materials













Figure 3.2: Schematic representation of the HAADF-STEM and the EDXS tech-
nique.
for each probe position the number of electrons impinging at the annular dark
field detector behind the specimen is displayed as pixel intensity in the image.
Typically, an electron energy between 100 keV and 300 keV is used. A schematic
measurement setup for HAADF-STEM is shown in Fig. 3.2. The specimen prepa-
ration process of the TEM sample is described in Sect. 3.1. The size of the electron
probe on the specimen determines the maximum resolution of the STEM images
(which is about 0.2nm for the TEM/STEM JEOL JEM2200FS). The annular de-
tector is centered on the optical axis of the TEM. Only electrons that are scattered
into high angles are detected. Hence, diffraction contrast is smoothed out at such
high angles and is negligible for the image contrast [181]. As a first approximation
the intensity of electrons at the annular detector can be explained by Rutherford
scattering of the electrons at the nuclei of the sample atoms. The Rutherford
cross section corrected for screening by inner shell electrons and relativity effects
for electrons that are elastically scattered by the nucleus into angles larger than θ
is [181]





cot2 θ2 , (3.1)
where E0 is the electron energy and Z is the atomic number. Therefore, HAADF-
STEM images reveal an atomic number-thickness contrast. The image is brighter
for those sample positions which show a higher mean atomic number and a higher
thickness. The Rutherford cross section model can only be applied accurately
for incident electron energies E0 of less than about 300 keV and atomic numbers
Z less than about 30 [181]. The electron energy used in this study is 200 keV,
but the atomic numbers of Sn (Z = 50), Se (Z = 34), Nb (Z = 41) and Pb
(Z = 41) are higher than 30 and therefore Eq. (3.1) is only a first approximation.
For more quantitative calculations of the scattering cross sections other models
can be found e. g. in [182] or [183]. In this study of ferecrystals, only a qualitative
interpretation of the images is made and the approximation Eq. (3.1) is usually
sufficient. Electron channeling effects, which are not described by Eq. (3.1), can
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lead to further intensity enhancement effects in the HAADF-STEM images, as
described in [184, 185]. HAADF-STEM of cross-sectional ferecrystal samples has
turned out to be a powerful tool for the investigation of the local atomic structure
of ferecrystals [19, 22, 29, 30, 32, 186, 187]. In this study, a TEM/STEM JEOL
JEM2200FS with an electron energy of 200 keV and a high-angle annular dark-
field (HAADF) detector has been used to obtain the HAADF-STEM images. The
microscope is equipped with a field emission gun. A double-tilt specimen holder
has been used. For the HAADF-STEM images in this work a probe spot size of
0.2 nm was used, defining the maximum spatial resolution.
3.3 Energy-dispersive X-ray spectroscopy
Energy-dispersive X-ray spectroscopy (EDXS) is an analytical technique used in
TEM, which provides information about the chemical elements and their spatial
distribution in the sample. The incident electron beam causes the excitation of
inner shell electrons in the sample. Outer shell electrons fill the hole in the inner
shell created by the excitation. The energy difference is released by the emission
of characteristic X-rays from the sample. The emitted X-rays are detected by
an EDXS detector above the sample, as shown schematically in Fig. 3.2. The
electronics attached to the detector then converts the charge pulse created by
the incoming X-ray into a voltage pulse, which is stored in the respective energy
channel [181]. EDX data can be acquired as point spectra, line scans and maps.
In this work, for EDXS, a focused electron beam is incident on the sample. In
order to choose the sample area for the acquisition of the EDX spectrum, HAADF-
STEM has been used beforehand to create an image of the sample. The spot size
of the electron probe for the EDX-spectra was 1 nm. A liquid nitrogen-free energy
dispersive X-ray SD detector (Bruker) has been used to obtain the EDXS spectra.
This detector is Peltier cooled and has an energy resolution of 129 eV (MnK). For
a quantification of sample composition the thin-foil approximation was used, for
which absorption and fluorescence of X-rays are ignored. In this approximation










Ci = 100%, (3.2)
where Ci is the concentration of element i, Ii is the intensity measured for
the respective characteristic X-ray peak and kij is the Cliff-Lorimer factor. The
Cliff-Lorimer factors should be calibrated for the certain composition and known
specimen thickness. This was not available in the present experiment, thus theo-
retical Cliff-Lorimer factors from the software Bruker Esprit 1.9 were used for the
quantification.
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3.4 Selected-area electron diffraction
For selected-area electron diffraction (SAED) the specimen is illuminated by a
parallel electron beam, which is parallel to the layer planes of the ferecrystals, as
shown in Fig. 3.3. The sample area which contributes to the diffraction pattern
is chosen in the transmission electron microscopy (TEM) image mode using the
selected-area aperture. The diffraction pattern is then displayed on the viewing
screen by adjusting the intermediate lens to display the back-focal plane of the
objective lens. For a qualitative explanation of the intensity distribution, i. e. the
location of intensity maxima in the diffraction pattern, the kinematical approx-
imation for electron diffraction can be used. In the kinematical approximation,
the scattering processes of the electrons in the sample are assumed to be elastic
and only single scattering events are considered [181, 188]. This approach holds
for specimens, which are sufficiently thin along the direction of the electron beam
and which contain elements with low atomic numbers. Thin TEM specimens with
thicknesses below 10 nm along the direction of the incident electron beam can be
prepared. It is therefore possible to fulfill the latter condition. The kinematical
approximation, however, does not allow for a precise prediction of the relative
intensity distribution in the diffraction patterns. For a more detailed analysis of
the intensity distribution in diffraction patterns a dynamical theory would have to
be applied, which, for example, also takes into account multiple scattering events
[181, 188, 189]. The MX and TX2 layers in the ferecrystals are not only thin
along the electron beam direction, but they are also only a few atomic layers thick
along the layer stacking direction, i. e. perpendicular to the incident electron beam,
Fig. 3.3. The kinematical approximation can be used to describe how the size of
a crystal affects its diffraction pattern. For a qualitative description, a crystal is
assumed with a rectangular unit cell and Nx, Ny and Nz unit cells along the di-
rections of the unit vectors ~ex, ~ey and ~ez. The position vectors ~rn of the unit cells
are given by ~rn = nxax~ex+nyay~ey +nzaz~ez, where ai are the unit cell parameters
along the directions of the unit vectors ~ei with (i = x, y, z) and ni = 0, 1, ..Ni− 1.
Then, the intensity of the diffracted electron wave I(∆~k) is [181, 188]
I ∝






where ∆~k = ~k′ − ~k0, and ~k′ and ~k0 are the wave vectors of the diffracted and the
incident electron waves, respectively. The factor F is the structure factor, which
is given by F = ∑j fj exp(−i∆~k · ~rj), where fj are the atomic form factors and ~rj
the position vectors of the atoms inside the unit cell. Equation (3.3) shows that
if the crystal is very thin along at least one direction, the diffracted intensity I
can be non-zero although the Laue- (or Bragg)-condition is not fulfilled, i. e. for
∆~k 6= ~Ghkl. If the crystal is very thin along a direction, the reciprocal lattice
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Figure 3.3: Schematic formation of an SAED pattern [(MSe)1+δ]m(TSe2)1 with
m = 2. a) Blue layers indicate TSe2, white layers MSe. b) Reciprocal lattice
points Ghkl with h = k = 0 are extended along z∗ and those with h 6= 0 or
k 6= 0 are extended along z∗ and c∗. d) The SAED pattern shows intensity
streaking for h 6= 0 or k 6= 0 and discrete spots for h = 0 and k = 0.
points are extended to so-called Laue lattice spikes (Lauesche Gitterstachel), also
denoted as reciprocal lattice rods (relrods), along this direction [181].
The location of the diffraction spots in the SAED pattern can be determined
using the Ewald sphere construction [181]. The Ewald sphere is constructed by
drawing the wave vector ~k0 of the incident electron wave such that it points to a
reciprocal lattice point, which is chosen as the origin of the reciprocal lattice. The
length of ~k0 is given by k0 = 2π/λ, where λ is the wavelength of the electrons. The
origin of ~k0 is in the center of the Ewald sphere. The Ewald sphere has the radius
2π/λ. The Laue conditions are fulfilled for those reciprocal-lattice points and
relrods, which are cut by the Ewald sphere. The wave vectors ~k′ of the diffracted
waves are determined by their starting point in the center of the Ewald sphere
and their ending point at the intersection of the Ewald sphere with the reciprocal
lattice point or relrod. Since the TEM sample is very thin along the incident
electron beam direction, i. e. along z, there are relrods in reciprocal space along
~k0, i. e. z∗. Furthermore, due to the small wavelength λ of the TEM electrons
with an energy of about 200 keV, the Ewald sphere is almost flat and can cut
many relrods for one incident beam direction. Hence, diffracted intensity from
several different sets of lattice planes is visible on the screen, although the Laue
conditions are not exactly fulfilled.
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In addition, the turbostratic disorder of the very thin MSe and TSe2 layers
results in further extension of the relrods parallel to the stacking direction in the
ferecrystals. Figure 3.3 shows schematically that the reciprocal lattice points Ghkl
with h 6= 0 and k 6= 0 are extended along z∗ and c∗ due to the small widths of the
crystallites perpendicular to z (incitend electron beam direction) and c (stacking
direction) and due to the lack of registry between subsequent layers. Therefore, in
SAED patterns of ferecrystals an intensity streaking appears for hkl with h 6= 0
and k 6= 0 [16, 17, 19, 22, 23, 25, 30, 31]. The spots hkl = 00l do not show
intensity streaking, because the MSe and TSe2 crystallites in the ferecrystals are
all aligned with their crystallographic c-axes parallel to the stacking direction.
Therefore, there is no disorder along the common direction c. In ideal misfit layer
compounds, all layers of a subsystem (MSe and TSe2) have a common orienta-
tion relationship throughout the sample, leading to diffraction spots instead of
streaks in the diffraction patterns [190–193]. Intensity streaks in SAED patterns
of MLCs, which have been observed are attributed to a stacking disorder in one
or both subsystems [191–193].
In this study, a TEM/STEM JEOL JEM2200FS with an electron energy of
200 keV was used to obtain the selected-area electron diffraction SAED patterns.
The smallest available selected-area aperture was used, which has a size of about
110 nm. Therefore, the SAED patterns contain information from the ferecrystals
(50 nm thick) and from a part of the substrate. From the distance r∗(h k l) be-
tween the diffraction spots and the center of the diffraction pattern, the lattice
parameters d(h k l) of the sample are determined by
d(h k l) = λL/r∗(h k l), (3.4)
where L is the camera length and the product λL is called camera constant.
The camera constant was calibrated using the silicon substrate as a reference.
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4.1 Contacting the samples for transport measurements
In order to carry out electrical transport measurements, thin gold wires of diameter
25 µm and purity 99.99% (Heraeus) were affixed to the samples using indium with
a purity of 99.998% (Alfa Aesar). An example of contacted samples is shown in
Fig. 5.1b. The samples were glued into a chip carrier using a drop of silver paint
(high purity silver paint, SPT-supplies) between the chip carrier and the back
of the substrate to allow for good thermal contact. The chip carrier consists of
ceramics covered by a gold alloy. The gold wires are affixed to the chip carrier using
silver paste (G3303B Leitsilber, Plano GmbH). The chip carrier is clamped into a
socket, which is integrated in a sample holder for the particular cryostat. In the
cryostat sample holder thin wires lead from the chip carrier to BNC connectors.
Low-noise BNC-cables were used for all measurements to connect the sample from
the cryostat sample holder to the measurement instruments.
4.2 Cryostats
4.2.1 Flow-cryostat
A continuous-flow cryostat (Cryovac KONTI-IT) was used for measurements at
temperatures between 1.4K and 310K. The sample is located in a helium atmo-
sphere. In order to obtain temperatures between 1.4K and 4.2K a rotary pump
was used to decrease the helium pressure and therefore the temperature. A Cernox
CX-1050 thermometer located close to the chip carrier socket was used to mea-
sure the temperature. This thermometer is suitable for use in magnetic fields with
only a very low magnetic field dependence (see Cernox CX-1050 data sheet). The
temperature was controlled using the TIC 304-MA temperature controller and a
custom LABVIEW program. An electromagnet (Bruker Magnet B-E10V) was
used for magnetoresistance and Hall measurements in this cryostat. The magnet
is suitable for static magnetic fields of up to 670mT. The cryostat is equipped
with a rotating system with which the thin film sample surface can be rotated
within an angle range of 0°-360° relative to the direction of the magnetic field.
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4 mm
Figure 4.1: Photograph of the ferecrystals contacted for electrical measurements.
left: clover leaf (‘sample A’), right: cross (‘sample B’).
4.2.2 He-3-cryostat
For measurements down to temperatures of 250mK a helium-3-system (Heliox VL
insert, Oxford instruments) has been used. In this system the sample is located in
vacuum. For measurements in magnetic fields of up to 2T the Helium-3-system
was used in a Helium dewar. The 2T-magnet is a superconducting magnet which
can be mounted directly to the helium-3-system. For measurements in magnetic
fields of up to 10T the helium-3-system was used in a cryostat (Oxford instru-
ments) equipped with a 10 T-superconducting magnet. Temperatures between rt
and T = 1.3K were measured using the calibrated Lakeshore Cernox CX-1050-AA-
1.4L thermometer, which is located at the Helium-3-pot. A ruthenium oxide ther-
mometer (LakeShore RX-202A-AA-0.05B) calibrated between 0.04K and 45K was
used for measurements at lower temperatures. The ruthenium oxide thermometer
is located directly below the chip carrier with the sample. The temperature of
the helium-3-system was controlled using the Mercury iTC temperature controller
(Oxford instruments) and a custom LABVIEW program. The magnetic field was
set using the Mercury iPS controller (Oxford instruments) for both superconduct-
ing magnets and a custom LABVIEW program. The helium-3-system is equipped
with a static holder (no rotating system) suitable for measurements with the film
surface perpendicular and parallel to the magnetic field. The error in the angle
between film surface and magnetic field is estimated as 2°.
4.3 Van der Pauw resistivity and Hall measurements
4.3.1 Van der Pauw resistivity measurements
The measurement setup for the van der Pauw resistivity and Hall measurements
is shown schematically in Fig. 2.6. Figures 2.6 a) and b) show two measurement
configurations used for the van der Pauw resistivity measurements. There are six
further equivalent measurement configurations, in which the resistances have also
been measured in order to reduce the error. The resistivity has been calculated
by [150, 151]
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where d is the total sample thickness and f is given by Eq. (2.21). Applying the
notation introduced in Sect. 2.3.4, the resistances R̂AB,DC and R̂BC,AD are
R̂AB,DC =




RBC,AD +RCB,DA +RAD,BC +RDA,CB
4 . (4.3)
The resistance measurements were performed using a Keithley 6221 Current
Source, a Keithley 2182 Nanovoltmeter and a Keithley 2401 Low Voltage SourceMe-
ter instrument. The resistances were determined from linear, least square fits of
the current-voltage (I-V )-curves measured with direct currents of up to 20 µA con-
sisting of 30 measurement points, starting at 0A. The measured resistance values
range between 5 W and 320 W. The switch system (Keithley 7001 Switch/Control
Mainframe with two 7012-C Matrix cards) and a custom LabView program were
used to switch between the different van der Pauw measurement configurations
for the two samples and the Hall measurement configuration.
For the calculation of the error in ρ the sheet resistance Rs is introduced, which
is defined by
ρ = d ·Rs, (4.4)
where d is the total sample thickness, given in Tables 5.1 and 6.1. Using Gauss
error propagation, the absolute error uρ in resistivity is calculated by
uρ = ±
√
(d · uRs)2 + (ud ·Rs)2, (4.5)
where ud is the absolute error in thickness, given in Tables 5.1 and 6.1. The
term uRs is the absolute error in sheet resistance which was calculated by
uRs = ±
√
(uRs,fit)2 + (uRs,contact)2, (4.6)
where uRs,fit is the error in Rs calculated from the error of the linear fit of the
I-V -curves. The term uRs,contact is the systematic error in Rs due to the size of the
contacts and has been calculated using an error approximation given in [150, 151]
for samples with a circular shape:
uRs,contact = ±Rs · 4 ·
(
l2/(16D2 ln 2) + l2/(4D2 ln 2)
)
, (4.7)
where D ≈ 3.5mm is the diameter of the sample and l ≈ 0.56mm is the diameter
of each contact. The error uRs,contact amounts to about uRs,contact = 0.047 ·Rs and
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determines the main part of the error in ρ. The sheet resistances and errors were
calculated using a MATLAB program written specifically for the measurements
in this work (B.15). Bloch-Grüneisen fits were also performed using a MATLAB
program (B.16).
4.3.2 Van der Pauw Hall measurements
Figure 2.6c shows the schematic setup of the van der Pauw Hall measurement.
For the PbSe-based system, batch 3, the Hall measurements were performed in
the Helium-3-System using a lock-in amplifier with a current of 2 µA and magnetic
fields of up to 10T. For the SnSe-based sample system the Hall measurements
were performed in the flow-cryostat and using the Delta Mode of the Keithley
6221/2182 CurrentSource/Nanovoltmeter with currents of 150 µA. For the Hall
measurements in the flow cryostat the orientation of the magnetic field was cal-
ibrated for each sample by rotating the sample in the magnetic field. The Hall
voltages were plotted against the angle and a sine fit was used to find the angle
in which the sample surface is perpendicular to the magnetic field. The magnetic
field strength was measured with a Hall effect sensor located next to the sample
outside of the flow-cryostat. The magnetic field strength was varied in 9 steps
from B = 0mT to 670mT with constant magnetic fields during each measure-
ment. In between the measurements at different B 6= 0 the magnetic field was
set to B = 0. The Hall voltage VH was obtained from the difference between the
average voltages measured at B 6= 0 and B = 0. The curves VH(B) were checked
for linearity. The Hall coefficient RH was obtained from a linear, least square fit
of the type VH = a ·B, where a is the fit parameter which contains RH, according
to Eq. (2.22). The sign of the Hall coefficient was determined from the sign of the
slope of VH(B). For the measurement setup shown in Fig. 2.6 a negative slope of
VH(B) would imply a positive Hall coefficient. For the calculation of the error in
RH the abbreviation b = a/I is introduced, where a is the fit parameter mentioned
above and I is the current. The Hall coefficient is then
RH = d · b, (4.8)
where d is the total sample thickness of the ferecrystal thin film, given in Tables 5.1
and 6.1. The absolute error uRH of RH is calculated by
uRH = ±
√
(d · ub)2 + (ud · b)2, (4.9)
where ud is the absolute error in sample thickness, given in Tables 5.1 and 6.1.
The term ub is calculated by
ub = ±
√
(ub,fit)2 + (ub,contact)2, (4.10)
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where ub,fit is the error in b calculated from the error of the linear fit of the VHall
vs.B curves by error propagation. The term ub,contact is the systematic error in b
due to the size of the contacts and is calculated using an approximation given in
[150, 151]:





where D is the diameter of the sample and l is the diameter of each contact, where
the contacts and the sample are assumed to be circular with D ≈ 3.5mm and
l ≈ 0.56mm. This error term amounts to about ub,contact = 0.39b and determines
the main part of the error in RH. The Hall coefficient and carrier density and their
errors were calculated using a MATLAB program (Sect. B.17). To determine the
sign of the Hall coefficient, p- and n-type silicon samples, for which the sign of the
Hall coefficient was known, were measured in advance in the same measurement
setup to confirm the correct sign of the Hall coefficient. For a few SnSe-based
samples, the Hall voltage was not linear in B at low temperatures. (Due to the
magnetoresistance effect resulting from a misalignment of the voltage contacts at
the sample). Therefore, some of these measurements were repeated in the Helium-
3-cryostat using a lock-in amplifier (DSP Model 7265) and a current of 2 µA and
magnetic fields of up to 2T. Those measurements will be described in Sect. 4.4.
4.4 Magnetoresistance measurements
The magnetoresistance measurements were carried out in the Helium-3-cryostat
(Heliox VL) in magnetic fields of up to 10T with AC resistance measurements.
The measurement setup is sketched in Fig. 4.2. The resistance of the sample was
measured in one of the van der Pauw measurement configurations using a lock-in
amplifier (DSP Model 7265). The sample was located in a static sample holder and
the magnetic field was applied with an angle of about 90° to the sample surface,
within an error of a few degrees. The internal oscillator of the lock-in amplifier
was used for the lock-in measurements. A resistor R = 1MW was used in series
to the sample in order to obtain a low current Irms (root mean square value).
The current through the 1MW-resistor was adjusted before the magnetoresistance
measurements by setting the voltage output of the lock-in amplifier such that a
current of Irms = 500nA is obtained.
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KH 4402B
R =1 M


















Figure 4.2: a) Schematic measurement setup for magnetoresistance measurements.
b) Schematic setup for temperature measurements using the ruthenium oxide
("RuOx") thermometer.
4.5 Critical temperature and critical magnetic field
measurements
The measurements of the temperature-dependent critical magnetic field and the
critical temperature measurements were carried out in the Helium-3-cryostat us-
ing the same lock-in technique, as described in Sect. 4.4 for the magnetoresistance
measurements and as shown in Fig. 4.2, the only difference being that a current
of Irms = 50 nA and a frequency of f = 313Hz were used for the critical mag-
netic field measurements. For the measurement of the critical temperature and
for the temperature measurement during the critical magnetic field measurements,
the temperature was measured using a ruthenium oxide thermometer (LakeShore
RX-202A-AA-0.05B) calibrated between 0.04K and 45K. This thermometer was
located directly below the chip carrier which contains the sample. The measure-
ment setup for measuring the temperature is sketched in Fig. 4.2. For the tem-
perature measurement an external current source (KH 4402B) was used to drive
a current of 5 nA through the thermometer and the voltage at the thermometer
was amplified using an SRS 560 Low Noise Voltage Preamplifier with a gain of
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100 before the voltage measurement with the lock-in amplifier DSP7265. The
temperatures and the error in temperature were determined using the polyno-
mial fit coefficients which are given in the calibration report of the thermometer.
Angle-dependent critical magnetic fields were measured in the flow-cryostat (Cry-




5 Structural and electrical properties of
the ferecrystals [(PbSe)1+δ]1[NbSe2]n
5.1 Synthesis of the ferecrystals [(PbSe)1+δ]m[NbSe2]n
The [(PbSe)1+δ]m[NbSe2]n ferecrystal samples have been synthesized by Matti
B.Alemayehu and Zachary Jones in the group of Prof. David C. Johnson at the
Department of Chemistry, University of Oregon [18, 23]. The method used for
the synthesis of the samples is called the modulated elemental reactants (MER)
method [16–20, 22–27]. The first step in this method is the vacuum deposition of
atomically thin alternating layers of Pb, Se and Nb onto substrates from elemental
sources Pb (99.999% purity), Nb (99.999% purity) and Se (99.999% purity). Lead
and niobium are evaporated using electron beam guns and an effusion cell was
used to evaporate Se. The deposition takes place in a high-vacuum chamber with a
pressure of p ≈ 10× 10−7 mbar. The thickness of the deposited layers is controlled
using pneumatic shutters. The first two layers deposited on the substrate are Pb
and Se layers, followed by alternating layers of Nb, Se and Pb. The as-deposited
(called ’precursors’) layers are mainly amorphous and the sequence of the deposited
layers closely resembles the sequence of layers in the desired final samples [18, 23,
194]. The deposition process ends with the deposition of Se-Nb-Se as the topmost
layers. Subsequently, the samples are annealed in a nitrogen atmosphere for 1
hour at 450 ◦C. The calibration process for the amount of each element required
during deposition and the optimal annealing temperature is described elsewhere
[18, 23, 194]. The samples for the TEM investigations as well as for electrical
transport measurements are from the same synthesis batches and were annealed
in the same load.
Three batches of [(PbSe)1+δ]1[NbSe2]n samples have been synthesized. All sam-
ples for the TEM investigations were synthesized on silicon (100) substrates with
a native oxide and a size of about 15mm x 15mm. The substrates are completely
covered by ferecrystals. The samples for the electrical transport measurements
were synthesized on electrically insulating fused quartz (batch 1 and 2) and on
300 nm thick silicon oxide on silicon substrates (batch 3). The substrates have the
size of 10mm x 5mm. For batch 1 two samples with the shape of a Greek cross
were deposited on each substrate. The shapes of the samples were obtained using
metal shadow masks during deposition. The arms of the cross shaped samples
have a width of 0.9mm and each arm has a length of 2.2mm. A second and
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Table 5.1: Total sample thicknesses d of the ferecrystals [(PbSe)1+δ]m[NbSe2]n
determined from X-ray reflectivity measurements by M.Alemayehu at the Uni-
versity of Oregon. The errors are given in parentheses.
(m,n) Batch 1 Batch 2 Batch 3
d (nm) d (nm) d (nm)
(1,1) 49(2) 49.7(2) 43.0(2)
(1,2) 51(2) 54.3(3) 37.3(2)
(1,3) 48(2) 52.1(4) 36.8(2)
(1,4) Not synthesized. 46.5(4) Not synthesized.
Substrate Fused quartz Fused quartz 300 nm SiO2/Si
a third batch of samples have been synthesized using metal shadow masks with
holes shaped as a clover leaf and a Greek cross. Such a sample is displayed as an
example in Fig. 4.1. The clover leaf has a size of 0.46mm x 0.46mm. The Greek
cross has the same dimensions as the cross described above. In the following the
clover leaf shaped samples of batch 2 and 3 and the first cross of batch 1 will be
referred to as ‘sample A’ and the Greek cross shaped sample for batch 2 and 3
and the second cross shaped sample for batch 1 will be referred to as ‘sample B’.
The substrate materials for the of the samples of all three batches and the total
film thicknesses d are given in Table 5.1. The thicknesses were determined from
X-ray reflectivity (XRR) measurements at the University of Oregon on samples of
the same batch as those used for the electrical measurements. From these XRR
measurements the repeat unit thicknesses c were obtained and a fit of c vs. n
yielded a thickness of each NbSe2 layer of tNbSe2 = 0.6336(3)nm and a thickness
            (1,1)                (1,2)                   (1,3)                 (1,4)
repeat unit
PbSe (2 atomic layers)
NbSe2 (3 atomic layers)
(m,n) =  
Figure 5.1: Schematic stacking sequences of the ferecrystals [(PbSe)1+δ]m[NbSe2]n.
The repeat units are stacked repeatedly up to a total sample thickness of about
d ≈ 50 nm, as given in Table 5.1.
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of each PbSe layer of tPbSe = 0.6097(8)nm. The stacking sequences of the samples
prepared for the [(PbSe)1+δ]m[NbSe2]n sample system are shown schematically in
Fig. 5.1.
5.2 Intermediate layer formation in [(PbSe)1+δ]1[NbSe2]n
thin films
The crystal structure and compositional homogeneity of thin films predetermine
their physical properties. Thus, to reveal the structural properties of the fere-
crystals [(PbSe)1+δ]1[NbSe2]n, they were prepared for TEM analysis using the
cross-sectional preparation technique described in Sect. 3.1. The HAADF-STEM
images of the first two batches of samples [(PbSe)1+δ]1[NbSe2]n revealed the pres-
ence of intermediate interfacial layers and surface layers, which do not contain the
expected ferecrystal structure. The middle part of these thin film samples, how-
ever, has shown the expected 1:n stacking sequence of PbSe bilayers and NbSe2
single layers. In the following, different TEM specimen preparation parameters of
the cross-sectional preparation technique will be discussed in order to clarify, if the
intermediate layers form during the TEM specimen preparation process. Subse-
quently, the atomic structure and layer stacking periodicity within the undisturbed
ferecrystal region will be described in dependence on the NbSe2 layer thickness.
Finally, the chemical composition of the sample determined by energy-dispersive
X-ray spectroscopy (EDXS) will be described and subsequently discussed with
respect to the atomic structure of the samples.
In order to confirm the reproducibility of the synthesis and the TEM specimen
preparation process, two batches of [(PbSe)1+δ]1[NbSe2]1 samples were synthesized
using the same growth conditions (Sect. 5.1). Batches 1 and 2 were synthesized
at two different dates. Fig. 5.2 shows representative HAADF-STEM images of the
specimens of batch 1 and 2. Both images contain the Si substrate in the lower part
of the image. The silicon oxide on top of the silicon is a few nanometers thick and
appears dark in the image due to the low mean atomic number (Si: Z = 14, O:
Z = 8). The ferecrystals are visible as bright film consisting of about 0.6nm thin,
alternately stacked layers of PbSe and NbSe2, as also visible in the high-resolution
image in Fig. 5.8. The ferecrystals appear brighter than the silicon substrate due
to the higher atomic numbers of the chemical elements constituting the ferecrystals
(Si: Z = 14, Pb: Z = 82; Nb: Z = 41; Se: Z = 34). However, between the silicon
oxide and the ferecrystals with their layered structure there is an about 12nm
thick intermediate layer with an inhomogeneous structure. This layer does not
have a ferecrystalline structure and appears brighter than the ferecrystals in the
images of Fig. 5.2. On top of the ferecrystals there is a similar inhomogeneous, non-
ferecrystalline layer with a thickness of approximately 10 nm (surface layer). Such
intermediate and surface layers would be disadvantageous for the investigation
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Figure 5.2: HAADF-STEM image of [(PbSe)1+δ]1[NbSe2]1 a) specimen 1 (batch 1)
and b) specimen 2 (batch 2). The film thickness of 49.7nm has been determined
by XRR.
of the electrical properties of the ferecrystals as a function of the NbSe2 layer
thickness, because they might act as parallel conductors in the in-plane resistivity
measurements. The presence of glue above the surface layer in Fig. 5.2b shows
that the ion milling has not removed the surface layers of the sample yet. The
thickness of the ferecrystals of 49.7 nm was determined by XRR and is indicated
in Fig. 5.2b. The XRR measurement was performed at samples of the same batch,
soon after the synthesis. In the HAADF-STEM image, this thickness does not
only include the ferecrystals, but it also contains the intermediate and surface
layers. Both samples from both batches show similar intermediate layers. This
indicates that the intermediate and surface layers observed in these specimens
are not only an exception. The intermediate and surface layer extend over all
specimen regions which were investigated by HAADF-STEM. An example is shown
in the appendix in Fig.A.1, in which the intermediate and surface layers are
visible over a range of more than 2.56 µm. These results give rise to the question
whether the intermediate layers have already formed during synthesis or during
the TEM specimen preparation process. Therefore, the influence of several TEM
preparation parameters on the structure of the thin films has been investigated as
discussed in the following.
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5.3 The influence of specimen preparation parameters on
the formation of intermediate layers
The influence of several TEM specimen preparation parameters of the conventional
cross-section technique on the structure of the [(PbSe)1+δ]1[NbSe2]1 samples has
been investigated. In total, six specimens with different TEM specimen prepa-
ration parameters were investigated. The preparation parameters used for these
specimens are summarized in Table 5.2. A more detailed overview of the prepara-
tion parameters is given in Table A.1. The HAADF-STEM images of specimens
1 and 2 of two different batches have been described in Sect. 5.2.
5.3.1 The influence of the ion milling process
Figures 5.3a, b, and c show HAADF-STEM images of [(PbSe)1+δ]1[NbSe2]1 speci-
mens 2, 3 and 4, respectively. These specimens have been prepared for TEM using
different ion milling parameters (Table 5.2). These three specimens are from the
same synthesis batch and the TEM preparation parameters used for mechanical
thinning were similar. Specimen 2 was not cooled during ion milling and it shows
intermediate layers brighter than the ferecrystals. Specimens 3 and 4 were cooled
with liquid nitrogen (LN2) during ion milling and they show intermediate layers
which are not as bright as the ferecrystals. For specimens 2 and 3 the argon ion
milling process was started with an ion energy Eion = 5 keV and finished with
Eion = 1.4 keV. In contrast, for specimen 4, the ion milling process was started
Table 5.2: TEM preparation parameters for sample [(PbSe)1+δ]1[NbSe2]1: face-
to-face gluing temperature, cooling during ion milling and ion energy used for
final ion milling step.
Specimen Synthesis Gluing Cooling during Ion milling
name batch temperature ion milling energy
Tglue (◦C) Eion (keV)
specimen 1 1 150 not cooled 1.4
specimen 2 2 150 not cooled 1.4
specimen 3 2 150 LN2-cooled 1.4
specimen 4 2 150 LN2-cooled 0.2
specimen 5 2 80 LN2-cooled 1.4
specimen 6 2 80 LN2-cooled 1.4
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with 3 keV and the final ion milling energy was Eion = 0.2 keV. The resulting
thickness of the intermediate layers is similar for all three specimens. These re-
sults suggest that the intermediate layer is not formed during ion milling, since the
thickness of the intermediate layer is similar for all three sets of ion milling param-
eters. Consequently, the intermediate layer has been formed before the ion milling
process. However, the specimen temperature during ion milling seems to influence
the structure or the thickness of the intermediate layer along the electron beam di-
rection, because the cooled specimens show darker, more continuous intermediate
layers than the non-cooled specimens. In the non-cooled specimens the inter-
mediate and surface layers show separated, brighter crystallites, suggesting that
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Figure 5.3: HAADF-STEM image of [(PbSe)1+δ]1[NbSe2]1 a) specimen 2 prepared
with final ion energy of 1.4 keV without cooling during ion milling, b) specimen
3 prepared with final ion energy of 1.4 keV with cooling during ion milling, c)
specimen 4 prepared with final ion energy of 0.2 keV with cooling during ion
milling. The film thickness of 49.7nm has been determined by XRR.
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10 nmPb      Se
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5 nm
Figure 5.4: High-resolution HAADF-STEM images of a) the intermediate layer in
specimen 4 (cooled during ion milling) showing lattice planes and b) the top
part of specimen 2 of [(PbSe)1+δ]1[NbSe2]1. The structure model shows PbSe
according to [85], projected along the [110] direction.
during ion milling. However, the high-resolution images of the cooled specimens
also exhibit lattice planes within parts of the intermediate layers. An example is
shown in Fig. 5.4a. These lattice planes have a similar lattice plane distance as
the distance between the PbSe bilayers, but they do not show a similar brightness
as the PbSe bilayers in the adjacent ferecrystals. This might be attributed to a
different channeling condition due to a different local PbSe orientation. A sample
region near the surface layer of specimen 2 is displayed in Fig. 5.4b. A block of
seven consecutive bilayers of PbSe oriented along PbSe[1 1 0] was identified from
the HAADF-STEM image. This shows that the surface layer contains more PbSe
than necessary for the intended composition. Results of an EDX analysis of the
intermediate and surface layers will be shown in Sect. 5.5.
5.3.2 The influence of the gluing temperature
Another specimen preparation parameter tested for an influence on the specimen
structure is the temperature used for the face-to-face gluing process. For specimen
3 this temperature was Tglue = 150 ◦C while specimens 5 and 6 were prepared using
Tglue = 80 ◦C. The resulting HAADF-STEM images are shown in Fig. 5.5. For
specimen 5 the HAADF-STEM image shows less thick intermediate layers with a
thickness of about 6 nm, whereas for specimen 6, which was prepared using the
same method it shows a thickness of 9 nm, similar to specimen 3 which was glued
at 150 ◦C. Obviously, there is no strong influence of the glue temperature, because
intermediate layers are observed for both temperatures. The different thicknesses
of the intermediate layer can be attributed to spacial variations initially present
in the samples.
In conclusion, the optimum TEM specimen preparation parameters for the fere-
crystals are those using a low ion energy and cooling (0.2 keV) during ion milling,
however, for all tested parameters intermediate and surface layers are present.
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Figure 5.5: HAADF-STEM image of [(PbSe)1+δ]1[NbSe2]1 a) specimen 3 prepared
with a face-to-face-gluing temperature of Tglue = 150 ◦C b) and c) specimens
5 and 6 prepared with a face-to-face-gluing temperature of Tglue = 80 ◦C. All
specimens were cooled during ion milling and the final ion milling energy was
Eion = 1.4 keV. The film thickness 49.7 nm has been determined by XRR.
5.3.3 The influence of the substrate material
For the samples of the type [(PbSe)1+δ]1[NbSe2]2 three specimens were inves-
tigated by HAADF-STEM (Fig. 5.6). Specimens 1 and 2 are from two differ-
ent synthesis batches and were both synthesized on silicon substrates using the
same synthesis parameters. These two specimens were prepared to confirm the
reproducibility of the synthesis and TEM preparation processes for this mate-
rial. The HAADF-STEM images in Fig. 5.6 show that the specimens of the type
[(PbSe)1+δ]1[NbSe2]2 exhibit very thin intermediate layers with a thickness of
about 3 nm to 4 nm. To exclude a possible influence of the substrate material on
the layer structure, an additional specimen on quartz substrate was prepared for
TEM analysis (specimen 3). A fused quartz substrate is also used for the samples
for the electrical measurements. The HAADF-STEM images shown in Fig. 5.6
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a) specimen 1 (batch 1) b) specimen 3 (batch 2)
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Figure 5.6: HAADF-STEM images of [(PbSe)1+δ]1[NbSe2]2 a) specimen 1 from
batch 1 on Si (100) with native oxide b) specimen 3 from batch 2 on fused
quartz. c) Specimen 1, batch 1, d) specimen 2, batch 2. A red circle indicates
a sample area with lattice planes in the intermediate layers.
yield similar results for the three specimens, which suggests that the synthesis of
these samples is reproducible and that ferecrystals with a similar structure can be
formed on quartz as well as on silicon substrates. The HAADF-STEM images of
the interface between substrate and ferecrystals for specimens 1 and 2 in Fig. 5.6c
and d, show that at some sample areas lattice planes are found in the intermediate
layer, which do not agree with the intended ferecrystal structure.
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5.4 Structural peculiarities of [(PbSe)1+δ]1[NbSe2]n
ferecrystals
5.4.1 [(PbSe)1+δ]1[NbSe2]1 ferecrystals
Figure 5.7 shows a HAADF-STEM image of [(PbSe)1+δ]1[NbSe2]1, specimen 4.
This specimen has been prepared with the lowest ion milling energy of Eion =
0.2 keV. In the center of the thin film, ferecrystals are visible. Between the sil-
icon oxide and the ferecrystals there is an intermediate layer. In the following,
the structure and homogeneity of the ferecrystalline part of the sample will be
discussed. In the ferecrystals there are column-like areas, which are brighter than
the neighboring sample areas to the left and right (also see Fig.A.2). These in-
tensity changes in the HAADF-STEM images can be due to a slight change in
the crystallographic orientation of the layers in one sample area with respect to
another. The columns mostly expand throughout the whole ferecrystal thickness
and have an in-plane width ranging from about 5 nm to 50 nm. Figure 5.8 con-
tains two high-resolution images of [(PbSe)1+δ]1[NbSe2]1. In Fig. 5.8a the layer
stacking sequence corresponds to the initially intended stacking sequence: one bi-
layer of PbSe (bright in the HAADF-STEM image) is alternately stacked with one
monolayer of NbSe2 (darker in the HAADF-STEM image). Each NbSe2 mono-
layer consists of three atomic monolayers: In the center there is a Nb monolayer,
visible as a bright line and it is sandwiched between two Se layers, which appear
dark in the HAADF-STEM image. A comparison to the structure models of PbSe
and NbSe2, displayed in Fig. 2.1, shows that the c-axes of PbSe and NbSe2 are
both parallel to the stacking direction of the layers in this sample. Single atomic
columns are not visible in Fig. 5.8a, which results either from the fact that by
chance none of the PbSe layers is oriented along a low-indexed zone axis, or, the
sample region is thicker than the in-plane grain size and therefore several PbSe










Figure 5.7: HAADF-STEM image of [(PbSe)1+δ]1[NbSe2]1, specimen 4 (batch 2).
The thickness 49.7nm has been determined by X-ray diffraction.
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Figure 5.8: a) HAADF-STEM image of sample [(PbSe)1+δ]1[NbSe2]1, specimen 4.
Structure models of PbSe and NbSe2 in the inset indicate arbitrary in-plane
orientations of PbSe and NbSe2, with the c-axes parallel to the stacking direc-
tion. b) High-resolution HAADF-STEM image of sample [(PbSe)1+δ]1[NbSe2]1,
specimen 3. Two layers in the framed area show a projection along PbSe[1 1 0].
The areas indicated by dashed boxes show stacking defects.
The adjacent PbSe layers do not show a similar in-plane atomic resolution, which
suggests that they are rotated differently around the c-axis, proving the presence
of turbostratic disorder of the ferecrystals. Figure 5.8 b) also shows that the sam-
ple contains areas in which the stacking sequence is not preserved (dashed boxes).
These areas contain PbSe bilayers in place of NbSe2 layers. The thickness of a
PbSe bilayer is similar to the thickness of a NbSe2 layer (≈ 0.6nm). Therefore, the
layers around these stacking defects are not much bent and the intended stacking
sequence continues in the layers adjacent to these defects. This is also visible in
Fig. 5.9a, which contains a HAADF-STEM image of specimen 4, which has been
prepared with the lowest ion milling energies. It shows that a large part of the
ferecrystal contains these defects. The fraction of this defect type in the projected
ferecrystal area has been estimated as 13% by summing the stacking defect area
in the total projected ferecrystal area of about 4000 nm2 shown in Fig.A.4. A
third batch of [(PbSe)1+δ]1[NbSe2]n ferecrystals with n = 1 has been synthesized
showing no intermediate layers and no stacking errors and will be discussed in
Sect. 5.4.5.
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Figure 5.9: HAADF-STEM of sample [(PbSe)1+δ]1[NbSe2]1 a) specimen 4 - defects
in stacking sequence are indicated by dashed boxes, b) and c) show magnified
parts of the image, which contain stacking defects.
5.4.2 [(PbSe)1+δ]1[NbSe2]2 ferecrystals
Fig. 5.10 shows two high-resolution HAADF-STEM images of two specimens of
[(PbSe)1+δ]1[NbSe2]2 ferecrystals. The ideal stacking sequence for the sample
system [(PbSe)1+δ]1[NbSe2]2 is one PbSe bilayer alternating with two NbSe2 layers.
In between the two NbSe2 layers there is a van der Waals gap visible as dark
line in the HAADF-STEM images. The stacking sequence is mostly as expected.
However several defects are also present, which are indicated by dashed boxes.
Figure 5.11 shows magnified images of the areas marked by the red rectangles in
Fig. 5.10a. The intended stacking sequence is not preserved here: there is only
one layer of NbSe2 instead of two NbSe2 layers alternating with a PbSe layer.
The orientation relation between several of the layers in Fig. 5.11b is similar to
the orientation relations found in MLCs (Fig. 2.2). However, turbostratic disorder
is also visible, as some of the adjacent PbSe layers show a different orientation
around the c-axis.
5.4.3 [(PbSe)1+δ]1[NbSe2]3 ferecrystals
For the ferecrystals of type [(PbSe)1+δ]1[NbSe2]3 two specimens of two synthesis
batches were investigated by HAADF-STEM. The results are shown in Fig. 5.12.
The specimen of batch 1 shows many volume defects throughout the area observed
by HAADF-STEM, which comprises a length of at least 2 µm along the sample
surface. The specimen of batch 2 does not show these volume defects. The film
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b) specimen 2a) specimen 1
Figure 5.10: High-resolution HAADF-STEM images of sample
[(PbSe)1+δ]1[NbSe2]2 a) specimen 1, batch 1 and b) specimen 2, batch
2. Areas with stacking defects are indicated by dashed boxes. The green and
the blue rectangles indicated PbSe bilayers and NbSe2 layers, respectively.
The areas in the red boxes are shown magnified in Fig. 5.11.
thickness of 52.1nm was determined by XRR. A possible explanation for the
appearance of the defects could be an aging of the sample, because for specimen
1 there were 16 month between the synthesis and the face-to-face-gluing, whereas
for specimen 2 there were only 9 month between synthesis and the beginning of
TEM preparation. However, the HAADF-STEM image in Fig. 5.12c shows that
the ferecrystal layers are crystalline and bent around the dark defect features
in the images. This suggests that the individual layers were deposited on the
already existing non-planar surface. Since in the HAADF-STEM image the volume
defects are dark in the center, they could be voids. A chemical analysis by EDXS
shown in Sect. 5.5 confirms this. Figure 5.13 shows a high-resolution HAADF-
STEM image of specimen 2 (batch 2). This specimen does not exhibit the volume
defects. The intended stacking sequence of one PbSe bilayer alternating with
three NbSe2 monolayers can be seen in the HAADF-STEM image, except for
some stacking defects, which are indicated by dashed boxes. A third batch of
[(PbSe)1+δ]1[NbSe2]n ferecrystals with n = 3 has been synthesized showing no
intermediate layers and no stacking defects and will be discussed in Sect. 5.4.5.
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a)
b)
Figure 5.11: a) and b) High-resolution HAADF-STEM images of sample
[(PbSe)1+δ]1[NbSe2]2 with structure models for bulk binary PbSe [85] and
NbSe2 [82]. Both figures contain stacking defects in which one layer of PbSe al-
ternates with only one layer of NbSe2 instead of two layers of NbSe2 nominally
set during the synthesis.
500 nm 20 nm
a) specimen 1 (batch 1) b) specimen 2 (batch 2)
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Figure 5.12: HAADF-STEM images of sample [(PbSe)1+δ]1[NbSe2]3 a) specimen 1
(batch 1) showing volume defects. b) specimen 2 (batch 2) showing no volume





Figure 5.13: HAADF-STEM image of sample [(PbSe)1+δ]1[NbSe2]3 specimen 2,
batch 2. The green and the blue rectangles indicate PbSe bilayers and NbSe2
monolayers, respectively. Red boxed areas indicate stacking defects. The film
thickness of 52.1nm has been determined by X-ray diffraction.
5.4.4 [(PbSe)1+δ]1[NbSe2]4 ferecrystals
HAADF-STEM images of [(PbSe)1+δ]1[NbSe2]4 are shown in Fig. 5.14. The fere-
crystal sample does not show layers with clear interfaces. A HAADF-STEM image
of the sample taken at a higher magnification in Fig. 5.14 b shows that the lattice
planes of the silicon substrate are resolved, whereas ferecrystal lattice planes are
not found. Since the viewing direction is along the Si[1 1 0] direction, the ferecrys-
tals in this image should be projected perpendicularly to the stacking direction,
i.e. along the layer planes. The fact that the individual layers are not resolved at
these imaging conditions indicates that the PbSe and NbSe2 layers are not fully
crystallized. It has been noticed that the silicon substrate surface normal does
not exactly agree with the Si [0 0 1] direction, but it is inclined by a few degrees,
indicating a substrate offcut. However, for the applied synthesis process the sub-
strate should not influence the layer sequence and crystallinity significantly, as
has been shown for the [(PbSe)1+δ]1[NbSe2]2 layers grown on Si and fused quartz
(Fig. 5.6). This sample also shows intermediate layers. Since this sample is not
fully crystallized, this suggests that the intermediate layers were already present
before the crystallization of the ferercystals during annealing.
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Figure 5.14: HAADF-STEM image of sample [(PbSe)1+δ]1[NbSe2]4. a) Overview
image. The film thickness of 46.5nm was determined by XRR. b) Magnified
image of the interface between substrate and sample. The inset shows a mag-
nification of the substrate.
5.4.5 Focused ion beam prepared samples of a third batch
A third batch of [(PbSe)1+δ]1[NbSe2]n ferecrystal samples with n = 1 and 3 has
been synthesized (batch 3) using the same nominal synthesis process as for batches
1 and 2. TEM specimens of this batch were prepared and investigated using
HAADF-STEM by M.Alemayehu at the University of Oregon. For the TEM
specimen preparation a FIB technique was used. Overview HAADF-STEM images
of the samples with n = 1 and 3 of batch 3 are shown in Fig. 5.15. These images
show no intermediate layers. At the top of the samples a disturbed surface layer is
visible. The top of the samples might be preferentially damaged by the ion beam.
High-resolution HAADF-STEM images of these samples are displayed in Fig. 5.16.
They show that the ferecrystal stacking sequences are as expected. It is not clear
43.0(2) nm 36.8(2) nm
10 nm 10 nm
a) n = 1 b) n = 3
Figure 5.15: Overview HAADF-STEM images of [(PbSe)1+δ]1[NbSe2]n (batch 3)
prepared by FIB (raw data by Matti B.Alemayehu, University of Oregon) for
a) n = 1 and b) n = 3. The substrate is 300 nm silicon oxide on silicon.
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Figure 5.16: High-resolution HAADF-STEM images of [(PbSe)1+δ]1[NbSe2]n fere-
crystals (batch 3) with a) n = 1 and b) n = 3 prepared by FIB (raw data by
Matti B.Alemayehu, group of Prof. D.C. Johnson, University of Oregon).
whether the absence of intermediate layers in batch 3 is due to the FIB technique
or some unintentional differences in the synthesis process. The nominal synthesis
parameters for deposition of the elements and annealing were the same for batch
3 as for batches 1 and 2. Usually the FIB technique causes more damage of the
sample than the conventional technique using grinding, polishing and ion milling
at low energies.
5.5 Compositional analysis of [(PbSe)1+δ]1[NbSe2]n films
5.5.1 [(PbSe)1+δ]1[NbSe2]1 ferecrystals
An EDXS hypermap was obtained from specimen 4 of [(PbSe)1+δ]1[NbSe2]1, in
which EDX spectra were measured simultaneously with the HAADF-STEM signal
at each image point. The resulting HAADF-STEM image and the EDXS maps are
shown in Fig. 5.17. Dashed lines indicate the interface between the silicon oxide
and the intermediate layer and between the ferecrystals and the surface layer. As
expected, the oxygen concentration is increased in the silicon oxide layer. Further-
more, the oxygen concentration is increased in the intermediate layer region and
in the surface layer compared to the rest of the specimen. When comparing the
elemental distributions of Nb, Se and Pb, one finds that Nb reaches down to the
interface between the intermediate layer and the silicon oxide layer (dashed white
line), whereas the Pb and especially the Se content drop before. The Nb content
seems to be approximately constant throughout the film, including the surface
layer, whereas the Se and Pb concentration are reduced in the surface layer. EDX
spectra for different areas of the specimen are shown in Fig. 5.18a and b. The
areas from which the spectra are obtained are marked by colored rectangles in
the HAADF-STEM images shown in the insets. Within the intermediate layer,
65
5 Structural and electrical properties of ferecrystals [(PbSe)1+δ]1[NbSe2]n
10 nm
10 nm10 nm10 nm
HAADF-STEM





Figure 5.17: EDX maps of [(PbSe)1+δ]1[NbSe2]1, specimen 4. The figures show
the HAADF-STEM image and the simultaneously measured EDXS maps O,
Nb, Se and Pb. The dashed lines indicate the interfaces between silicon oxide
and intermediate layer as well as between the ferecrystals and surface layer.
ferecrystals and surface layer the EDXS spectra acquired for each image pixel
were summed up and the background (Bremsstrahlung) was subtracted. The final
spectra are shown in Figs. 5.18a and b. The spectra displayed in black originate
from the ferecrystals in the center of the specimen, where the stacking sequence
of PbSe and NbSe2 is mostly as expected. In order to compare the spectra of the
ferecrystals in the center of the thin film to the spectra of the intermediate layer,
the spectrum of the intermediate layers shown in Fig. 5.18a has been multiplied by
a factor of 4.5, so that the heights of the niobium peaks are approximately similar
for both spectra. Similarly, this was done for the spectrum of the surface layer
in Fig. 5.18b. The peaks visible in the EDX spectra can all be assigned to Pb,
Nb, Se, O, C and Cu. Cu and C- contaminations are typically present in TEM
specimens due to the TEM specimen preparation process. Consequently, these
signals will be considered as spurious X-rays and will not be taken into account
for compositional analysis of the specimens. The spectra in Fig. 5.18a show that
in the intermediate layer the ratios Se:Nb and Pb:Nb are both lower than in the
ferecrystal layers. Furthermore, the O:Nb ratio is increased in the intermediate
layer compared to the ferecrystals. The increased oxygen peak intensity in the
66

























Figure 5.18: EDX spectra of [(PbSe)1+δ]1[NbSe2]1, specimen 4. The specimen
areas from which the spectra originate are marked by colored rectangles in the
HAADF-STEM images in the insets. The spectra of the ferecrystal layers are
displayed in black. a) The spectrum of the intermediate layer is displayed in
blue; b) the spectrum of the surface layer is displayed in red. The energy ranges
used for quantitative analysis are highlighted in green.
intermediate layer, however, could also be an artifact due to beam broadening
in the specimen and thus detecting signals from the adjacent silicon oxide layer.
The spectra in Fig. 5.18b show that the O:Nb ratio is also increased in the surface
layer, which could be due to oxidation of the sample surface during the time be-
tween synthesis and TEM specimen preparation, when the specimen was stored in
air. This result suggests that oxidation of the intermediate layer at the interface
between SiO2/Si substrate and ferecrystal layers can also be possible. The Se:Nb
ratio is also reduced in the surface layer compared to the ferecrystals. Selenium
has a high vapor pressure compared to Sn and Nb [195] and could possibly evap-
orate from the sample surface. The Pb:Nb ratio in the surface layer is similar as
in the ferecrystals. A quantitative analysis of the spectra in Fig. 5.18 was carried
out using theoretical Cliff-Lorimer factors. For this analysis the K-series of Nb
(E ≈ 16.5 keV), the K-series of Se (E ≈ 11.2 keV), the K-series of O (E ≈ 0.5
keV) and the L-series of Pb (E ≈ 10.5 keV) were used. These peak positions are
indicated in green in the spectra in Fig. 5.18. Table 5.3 shows the resulting chem-
ical compositions of the different specimen regions, i.e. the ferecrystals (center
of the thin film), the intermediate layer and the surface layer. The composition
obtained for the ferecrystals is comparable with the composition of an ideal MLC
with the formula [(PbSe)1.10]1[NbSe2]1. Table 5.3 confirms the results of the visual
inspection of the EDX spectra: in the intermediate and the surface layer the sele-
nium content is significantly reduced, whereas the oxygen content is significantly
increased in comparison to the selenium and oxygen content in the ferecrystals.
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Table 5.3: Composition of the different specimen regions of [(PbSe)1+δ]1[NbSe2]1,
specimen 4, determined from the EDX spectra in Fig. 5.18. The errors given
in parenthesis are the 3σ errors. The chemical composition of an ideal misfit
layer compound (MLC) [(PbSe)1.10]1[NbSe2]1 as described in [40] is also given
for comparison.
Element Ferecrystals Intermediate layer Surface layer Ideal MLCs (δ = 0.1)[40]
at.% at.% at.% at.%
Nb 17(3) 23(7) 19(4) 19.2
Se 56(6) 13(4) 26(4) 59.6
Pb 21(7) 16(6) 18(6) 21.2
O 6(2) 47(12) 36(7) 0
5.5.2 [(PbSe)1+δ]1[NbSe2]n ferecrystals with n = 2 and 3
Similar as for sample n = 1, the chemical composition of the central specimen
area of the samples n = 2 and 3 of batch 2 of the ferecrystals agrees well with the
composition of the analogous ideal MLCs. Near the substrate and in the surface
layer for n = 2 and 3 the oxygen content is increased and the selenium content is
decreased (Figs. A.5-A.9 and Tables A.6 and A.7).
A sample of batch 1 of [(PbSe)1+δ]1[NbSe2]3 has shown large volume defects
in the HAADF-STEM images. A HAADF-STEM image and EDXS maps of a








Figure 5.19: HAADF-STEM and EDXS maps of [(PbSe)1+δ]1[NbSe2]3, specimen
1 (batch 1).
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the defect region, which is dark in the HAADF-STEM image, the concentrations
of O, Nb, Se and Pb are reduced compared to their concentrations in the rest
of the specimen. Above the defect there is a non-layered grey area visible in
this HAADF-STEM image. In this area the concentrations of Pb and Se are
strongly reduced, only Nb and O are present. The total decrease in X-ray intensity
inside this volume defect indicates that these volume defects are large voids. The
formation of these voids is unclear. The possibility that they are due to aging can
be excluded because around some of these voids, layered ferecrystals are observed
(Fig. 5.12). The voids could potentially originate from possible droplets of some
liquid material, which might have been initially present at the substrate surface
and evaporated during the synthesis process. Based on these results, the samples
n = 3 of batch 1 have been excluded from further discussion.
5.6 Discussion of the structural properties of the
ferecrystals [(PbSe)1+δ]1[NbSe2]n
For the first two batches of [(PbSe)1+δ]1[NbSe2]n, the TEM analysis revealed the
presence of non-layered intermediate layers between the ferecrystals and the sub-
strate, as well as non-layered top layers at the surface of the thin film sample. A
third batch of samples, prepared by FIB, did not show such defects. However, the
origin of the absence of the intermediate layers in batch 3 is unclear. The inter-
mediate and top layers differ in their structure and chemical composition from the
ferecrystals in the center of the thin films. For the investigation of the electrical
properties of the ferecrystals these intermediate and top layers are undesirable,
because in the in-plane electrical transport measurements they might lead to un-
wanted currents parallel to the ferecrystal layers. The intermediate and top layers
have different thicknesses and chemical compositions for the samples n = 1, 2 and
3. The intermediate and top layers are thickest for the samples with n = 1, where
they are up to 12 nm and 10 nm thick, respectively, which is in total almost half
of the film thickness. Therefore, the presence of the intermediate and top layers
would make an unambiguous identification of the influence of the thickness of the
NbSe2 layers on the electrical properties impossible.
The intermediate and top layers can either form (1) during the synthesis process
of the samples, (2) during the aging of the samples between synthesis and TEM
analysis, or (3) during the TEM specimen preparation process.
1. Synthesis: For the synthesis process, the chemical composition and the
annealing temperature have been optimized using electron probe micro-
analysis and X-ray diffraction [18, 23]. To confirm the reproducibility of
the synthesis and the TEM specimen preparation process, two batches of
[(PbSe)1+δ]1[NbSe2]n samples have been prepared and both batches have
shown similar thicknesses of the intermediate layers and defect densities in
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the center of the thin films. Therefore, the synthesis and TEM prepara-
tion processes of these samples have been shown to be reproducible. The
HAADF-STEM images of sample n = 4 showed that this sample is not fully
crystallized. However, this sample also shows intermediate layers. This sug-
gests that, assuming the intermediate layer is not due to aging or specimen
preparation (see below), it is formed during the deposition of the precursors
or in the beginning of the annealing process, before the crystallization of the
ferecrystals is completed. The third batch of samples which was prepared
for TEM using a FIB technique did not show intermediate layers, despite
the similar synthesis parameters. Usually, using a FIB preparation tech-
nique instead of the conventional cross-sectional preparation method used
for the other samples, is more invasive because higher ion energies are used
for the FIB technique. Therefore, the absence of intermediate layers in the
FIB prepared samples is more likely due to differences in the sample synthe-
sis process compared to the samples of the other batches. The samples of
batch 3 have been synthesized on 300 nm silicon oxide on silicon in contrast
to batch 1 and 2 which have been synthesized on native oxide on silicon.
However, the influence of the substrate type (silicon or fused quartz) on the
structure of the thin films was investigated for sample n = 2 and no sig-
nificant influence of the substrate material on the crystal structure of the
samples was found.
2. Aging: An influence of aging of the samples between synthesis and TEM
specimen preparation cannot be excluded, because it was not possible to
prepare all specimens at the same time. However, for the two batches of
samples investigated for n = 1 and 2 there were different periods of time
between synthesis and TEM preparation (for n = 1 22 months for batch 1
and 10 month for batch 2 and for n = 2 11 month for batch 1 and 14 months
for batch 2) and both batches showed similar results. This suggests that
aging does not have a significant influence on the structure of the thin films.
3. TEM specimen preparation: The influence of several TEM preparation
parameters on the formation of the intermediate and top layers has been
studied for sample n = 1. This sample type showed the thickest intermediate
and top layers. It can be concluded that neither the specimen temperature
during ion milling (T & 77K−300K), nor the ion energy 0.2 keV−1.4 keV),
nor the face-to-face gluing temperature (80 ◦C-150 ◦C) have an influence on
the thickness of the intermediate layers. However, with a reduced specimen
temperature during ion milling and a reduced ion energy, the intermediate
layers appear less bright in the HAADF-STEM images and do not show sep-
arated crystalline blocks as for higher temperatures and ion energies. This
finding suggests that the intermediate layers were present before the TEM
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preparation, and that high temperatures and increased ion energies during
the specimen preparation for TEM cause a change in their crystal structure
and composition. A third batch of [(PbSe)1+δ]1[NbSe2]n samples was syn-
thesized and this batch showed no intermediate or surface layers, although
the samples have been prepared using a more invasive TEM preparation
method.
The observed results lead to the conclusion that the intermediate and top layers
have probably been formed during synthesis, before the crystallization of the fere-
crystals was completed. The reduced Se concentrations in the intermediate layers
could be a result of a lack of Se during deposition of the first precursor layers.
The decreased selenium content in the surface layers might be due to evaporation
from the sample after deposition. Selenium has a relatively high vapor pressure,
wile that of Sn and Nb are negligibly small [195]. Therefore, the selenium is sus-
ceptible for evaporation from the sample. In this case the excess Pb atoms might
be incorporated in the upper layers disturbing the ideal stacking sequence of the
ferecrystals. This might lead to the typical stacking defects in which PbSe layers
replace a layer of NbSe2, as shown e. g. in Fig. 5.9. Annealing of the samples in
an atmosphere containing additional Se vapor might improve the sample quality.
The analysis of the distribution of the oxygen concentration showed increased
oxygen values in the intermediate and top layers of the sample systems n = 1, 2
and 3. Since the samples were synthesized in high vacuum (p ≈ 7 · 10−8 mbar),
the oxidation at the surface must take place after deposition of the layers. The
increased oxygen content near the substrate could either be an artifact of the
EDXS method (e. g. the electron beam broadening leads to X-ray emission from the
silicon oxide), or oxygen from the substrate surface diffused into the ferecrystals
during or after synthesis. It cannot be excluded that the TEM specimens might
have oxidized after preparation preferentially at the interface and surface layers.
In the intermediate and surface layers the Se and Pb concentrations are reduced,
the oxygen content is increased and the niobium content is unchanged. According
to these results NbOx might have formed in the intermediate or surface layers.
However, the intermediate layers appear brighter than the ferecrystals when the
specimen was not cooled during ion milling or if high ion energies were used. This
would be unlikely if the intermediate layers were niobium oxide layers, which would
tend to appear darker than the ferecrystal layers due to the low atomic number of
oxygen. But potentially, special channeling conditions or lower material removal
rates during ion milling might lead to conditions at which NbOx layers appear
brighter.
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5.7 Temperature-dependent resistivity and Hall
coefficients of [(PbSe)1+δ]1[NbSe2]n ferecrystals
5.7.1 Results for temperature-dependent resistivity
In order to determine the resistivity of the samples, I-V curves have been mea-
sured. Exemplary I-V curves are shown in Fig. 5.20 for [(PbSe)1+δ]1[NbSe2]n with
n = 1 of batch 3 and in Fig. B.1 for n = 2 of batch 3. The HAADF-STEM images
of the samples of batch 3 have shown the best layer structure and contained no
intermediate layers (Sect. 5.4.5). The I-V curves are linear for currents of up to
at least I = 2.4 µA and they are similar for the two van der Pauw measurement
configurations (a and b in Fig. 5.20). The thickness values for the evaluation of the
resistivity using Eq. (4.1) were determined by XRR and are given in Table 5.1. The
room temperature (rt) resistivity values ρrt obtained for the [(PbSe)1+δ]1[NbSe2]n
ferecrystals of batch 3 are similar for n = 1, 2 and 3 with ρrt = 3.3(3) µWm for
n = 1, 3.3(6) µWm for n = 2 and 3.0(4) µWm for n = 3 (Fig. B.2). The errors in
resistivity include the errors of the fit of I(V ), the thickness measurement and the
contact size, as described in Sect. 4.3.1.
The temperature dependence of the resistances of the [(PbSe)1+δ]1[NbSe2]n fere-
crystals of batch 3 are displayed in Fig. 5.21. These measurements were performed
during cooling in the Helium-3-cryostat in one of the van der Pauw configurations
using a lock-in amplifier (DSP 7265) and currents of Irms = 2 µA. All ferecrys-
tal samples show a metal-like temperature dependence of the resistance. The










































Figure 5.20: Exemplary I-V curves for different temperatures for sample n = 1
(A) of batch 3. Two van der Pauw measurement configurations (a and b) are
shown schematically on the upper left-hand side.
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MLC, n = 1
(Nader,1997)
TCDW
Figure 5.21: Temperature-dependent normalized resistances of
[(PbSe)1+δ]1[NbSe2]n ferecrystals (batch 3) in comparison to in-plane re-
sistivity reported for MLCs by Nader et al. [41] and Auriel et al. [40] and to
data reported for single crystalline 2-3 layers thick NbSe2 flakes (two-terminal
measurements) by Staley et al. [10] and for bulk single crystals by Iwaya et al.
[53]. Black solid lines indicate Bloch-Grüneisen fits.
temperature-dependent resistances between T = 4K and 290K can be fitted by
the Bloch-Grüneisen equation, Eq. (2.6). Indications for CDW transitions are not
observed. Magnified parts of the resistances for temperatures of 20K ≤ T ≤ 50K
are shown in Fig. B.3. The resistances for the temperature range 0.3K ≤ T ≤ 6.0K
showing superconducting transitions are displayed in Fig. 5.26 and will be shown
and discussed in Sects. 5.9 and 5.10.
The fits are shown as black solid lines in Fig. 5.21 and the data reported for
MLCs has also been fitted. The Debye temperatures θD determined from these
Bloch-Grüneisen fits for the ferecrystals increase from θD = 209(1) kelvin for n = 1
to 245(2)K for n = 2 and to 245(7)K for n = 3 and are displayed in Fig. 5.22.
The residual resistivity at T = 4K and the residual resistance ratio are displayed
in Fig. 5.24. The residual resistivity increases from ρres = 1.17(9) µWm for n = 1 to
ρres = 1.6(3) µWm for n = 2, whereas no further increase is observed for n = 3 with
ρres = 1.5(2) µWm. Differences in the resistivity values between the samples A and
B are ascribed to cases in which macroscopic defects, such as holes, occur which
may influence the van der Pauw technique [150]. The residual resistance ratio
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Figure 5.22: Debye temperatures determined for [(PbSe)1+δ]1[NbSe2]n ferecrystal
samples. The labels A and B indicate the clover leaf and cross-shaped samples.
RRR, defined as RRR = ρrt/ρres decreases with increasing n from RRR = 2.80(3)
for n = 1 to 2.03(3) for n = 2 and to 2.12(8) for n = 3.
The samples of batches 1 and 2 have shown non-layered intermediate and surface
layers in the HAADF-STEM images. Their temperature-dependent resistivity
values are shown in Figs. B.4 and B.5. The RRR values for the samples of batch
2 are about RRR = 1.6, which is only slightly lower than RRR of the samples
of batch 3. The rt resistivity values are similar as for the ferecrystals of batch 3,
indicating that the intermediate and surface layers do not influence the resistivity
significantly.
5.7.2 Results for Hall coefficients
Figure 5.23a shows the magnetic field dependence of the Hall voltages VH of the
[(PbSe)1+δ]1[NbSe2]n ferecrystals at T = 10K, multiplied by the total sample
thickness d. The inset shows a schematic of the measurement setup. The mea-
surements were performed using a lock-in amplifier (DSP 7265) with currents
Irms = 5 µA. The current I was applied between two contacts at two opposite
arms of the cross-shaped sample and the voltage Vm was measured between the
contacts at the other two arms during slow (0.2Tmin−1) increasing or decreas-
ing of the magnetic field. Due to slightly offset positions of the contacts at the
samples, for B = 0 a non-zero voltage Vm is measured. The Hall voltages, as dis-
played in Fig. 5.23, have been determined by VH = Vm(B)−Vm(B = 0). The Hall
voltages are linear in B, indicating that only one type of charge carrier dominates
the electrical transport. All Hall coefficients RH = VH · d/(B · I) measured for
the ferecrystals [(PbSe)1+δ]1[NbSe2]n with n = 1, 2 and 3 are positive. The Hall
coefficient at T = 10K decreases systematically with increasing n. The values
of RH range from 1.085(6)× 10−3 cm3/As for n = 3 to 1.98(1)× 10−3 cm3/As
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T = 10 K
Figure 5.23: a) Hall voltage VH = Vm(B)−Vm(0) multiplied by thickness d and b)
Hall coefficients RH = VH ·d/(B · I) of [(PbSe)1+δ]1[NbSe2]n ferecrystals (batch
3) for T = 10K. An additional B−independent error of 0.39 · RH due to the
contact size has to be considered when calculating RH.
for n = 1. Carrier densities calculated from these Hall coefficients are shown in
Fig. 5.25. The magnetoresistance measured at T = 10K for the samples n = 1, 2
and 3 of batch 3 at B = 10T is lower than 0.4%. The temperature-dependent
Hall coefficients measured for batch 2 are shown in Fig. B.6. At T = 10K these
samples show similar RH for n = 2 and 3 as for batch 3. The Hall coefficient for
n = 1 of batch 2 is lower than for batch 3, indicating a slightly higher carrier
density for the samples of batch 2, when evaluating RH in a single band model.
This might be due to the intermediate and surface layers found for the samples
n = 1 of batch 2.
5.8 Discussion of resistivity and Hall coefficients of
[(PbSe)1+δ]1[NbSe2]n ferecrystals
5.8.1 The influence of the PbSe layers on the electrical transport
properties
In order to analyze the influence of the PbSe layers in the ferecrystals on the
electrical transport properties, the in-plane resistivity values of the ferecrystals at
room temperature and at T = 4K are compared to the in-plane resistivity values
reported for NbSe2 (Figs. B.2 and 5.24a). Bulk NbSe2 single crystals are metallic
compounds [52, 56, 60, 63] and their rt in-plane resistivity values range between
(0.7 − 1.6) µWm [60, 63, 71, 83]. Polycrystalline NbSe2 is reported to show a rt
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aC bC



































































Figure 5.24: a) Residual resistivity measured at T = 4K for the ferecrystals and b)
residual resistance ratio of [(PbSe)1+δ]1[NbSe2]n ferecrystals and data reported
for single crystalline MLCs [(PbSe)1+δ]1[NbSe2]n and NbSe2. The resistivity of
the ferecrystals, NbSe2 and the MLCs reported by Auriel et al. [40] and Nader
et al. [41] has been measured within the layer planes. The data reported by
Oosawa et al. [39] has been measured at pressed pelletized MLCs. The data
reported by Lee et al. [60] and Soto et al. [105] are from bulk NbSe2 single
crystals. The data reported by El-Bana et al. [9] and Tsen et al. [2] are from
exfoliated NbSe2 flakes.
resistivity of 2.0 µWm [71]. PbSe is a semiconductor with rt resistivity values of
(30 − 1000) µWm reported for (12 − 960) nm thin polycrystalline films [118, 119].
As expected, the resistivity values measured for ferecrystals are within this range
of values reported for binary NbSe2 and PbSe.
The rt resistivity ρRT does not change with n within the measurement error
(Fig. B.2). These results for the resistivity values are compared to a simple parallel
resistors model in which the NbSe2 layers and the PbSe layers are assumed to
be independent parallel resistors. In this model, each individual PbSe bilayer is
assumed to have a resistance RPbSe and each NbSe2 layer (consisting of 3 atomic
monolayers) is assumed to have a resistance RNbSe2 , independent of the stacking
sequence (m,n). Consequently, the expected total in-plane resistance R of the
ferecrystal sample would be given by
1
R
= m · r
RPbSe
+ n · r
RNbSe2
, (5.1)
where r is the number of repeat units stacked in the sample, m is the number of
PbSe layers in the repeat unit and n is the number of NbSe2 layers in the repeat
unit. The resistivity ρ is determined by the relation ρ = RWt/L, where L is the
length,W the width and t the thickness of the sample. For each ferecrystal sample
L and W are equal for the PbSe and NbSe2 layers. Therefore, the relation for the
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where ρPbSe is the resistivity of the PbSe layers and ρNbSe2 is the resistivity of
the NbSe2 layers. The thicknesses tPbSe = 0.6097(8)nm and tNbSe2 = 0.6336(3)nm
are the thickness of a PbSe double layer and a NbSe2 layer (3 atomic monolayers),
which have been determined by XRR (Sect. 5.1).
As a first approximation it is assumed that the conductivity of the PbSe layers
can be neglected in comparison to the conductivity of the NbSe2 layers (ρPbSe >>
ρNbSe2) and that there is no interaction between the PbSe and NbSe2 layers. Then,
the resistivity of the ferecrystals [(PbSe)1+δ]m[NbSe2]n would be
ρ(m,n) = ρNbSe2
(m · tPbSe + n · tNbSe2)
n · tNbSe2
(5.3)
= ρ(m = n = 1)
(m · tPbSe + n · tNbSe2)
n(tPbSe + tNbSe2)
, (5.4)
where ρ(m = n = 1) is the resistivity of the ferecrystal sample with stacking
sequence (m,n) = (1, 1). These expected values for ρ are shown as a grey line
in Fig. 5.24a for T = 4K and in Fig. B.2 for rt. They have been calculated using
Eq. (5.4) with the measured residual and rt resistivity of [(PbSe)1+δ]1[NbSe2]1.
It is expected that the resistivity decreases with increasing n. A deviation from
the expected trend in resistivity with n is observed for both temperatures. The
assumption that only the NbSe2 layers contribute to the electrical transport is
expected to hold better at lower temperatures, because the resistivity of polycrys-
talline PbSe thin films has been reported to increase with decreasing temperature
[118–120], whereas the resistivity of NbSe2 is reported to decrease upon lowering
temperature [53, 60, 196]. However, the measurement data at low temperatures
shows a higher deviation from the parallel resistors model than at rt. One possible
explanation for unexpected increase in resistivity with increasing n could be a de-
crease in grain size with increasing n, similar as observed for [(SnSe)1+δ]1[NbSe2]n
ferecrystals [29]. The decrease in RRR with increasing n (Fig. 5.24) supports this
hypothesis. A significant change in grain size with n has not been observed in
the HAADF-STEM images of batch 3 shown in Sect. 5.4.5. However, only a small
sample area has been investigated by HAADF-STEM and not many low-indexed
zone axes could be observed to allow for an exact determination of the grain size.
Another possible reason for the deviation of the measured data from the par-
allel resistors model could be a decrease in the carrier density of the NbSe2 or
PbSe layers with increasing n. In order to test this, Hall coefficients have been
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measured and the charge carrier density of the samples is analyzed using a single-
band model. To determine the charge carrier density p of the ferecrystal samples,
a single-band model has been applied, i. e. p = 1/(eRH), Eq. (2.8). The Hall coef-
ficients RH have been determined by a linear fit of VH(B), as shown in Fig. 5.23.
The resulting carrier densities p are shown in Fig. 5.25. The highest contribution
to the errorbars in p are from the error due to the sizes of the contacts on the
sample. Using a single-band model seems to be justified as a first approximation,
because the Hall coefficient shows a linear dependence on the magnetic field up to
high magnetic fields (Fig. 5.23). The Hall coefficients of the [(PbSe)1+δ]1[NbSe2]n
samples measured at T = 10K are positive which agrees with positive Hall coef-
ficients reported for bulk NbSe2 with RRR < 27 [52, 54] at T = 10K. For PbSe
n-type and p-type samples have been reported for temperatures between T = 40K
and T = 500K [65, 66].
Using the parallel resistors model described above, in which the carrier density
pPbSe in the PbSe layers is assumed to be so low that it can be neglected in
comparison to the carrier density in the NbSe2 layers, i. e. pPbSe  pNbSe2 , the




m · tPbSe + n · tNbSe2
(5.5)
= p(m = n = 1)
n · (tPbSe + tNbSe2)
m · tPbSe + n · tNbSe2
, (5.6)
where pNbSe2 is the carrier density of the NbSe2 layers, which is assumed to
be independent of the stacking sequence (m,n) and p(m = n = 1) is the carrier
density of sample (m,n) = (1, 1). The expected carrier density is plotted in
Fig. 5.25. The expected carrier density for a sample consisting of only NbSe2
layers (n→∞) calculated from the carrier density of sample m = n = 1 is lower
than the carrier density reported in [52] for a bulk NbSe2 single crystal. The trend
in carrier density p on n obtained for the ferecrystals agrees with the expected
trend within the measurement error. However, the error in p is too high in order to
exclude a possible influence of the carrier density on the increase in resistivity on
n. Within the measurement error it would be possible that p decreases by a factor
of 1.5 from n = 1 to n = 2. This would potentially explain the measured increase
in ρres from n = 1 to n = 2, since 1/ρ = epµ. A further reason for the unexpected
increase in resistivity with increasing n would be a decrease in mobility µ with n.
Charge carrier mobility values have been calculated by µ = RH/ρ. At T = 10K
they are µ = 15(7) cm2/Vs for n = 1, 9(4) cm2/Vs for n = 2 and 8(4) cm2/Vs for
n = 3. These values are lower than the values reported for bulk NbSe2 [52, 60] of
µ = (48-100) cm2/Vs at T = 10K. One possible explanation for this scattering
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Figure 5.25: Hole density p measured for [(PbSe)1+δ]1[NbSe2]n ferecrystals in com-
parison to values expected if the PbSe layers did not contribute to transport
and the carrier density of the NbSe2 layers were independent of n.
at grain boundaries due to the polycrystallinity of the ferecrystals. The mean
free path calculated using Eq. 2.10 for the ferecrystals is 4(2) nm for n = 1 and
3(2) nm for n = 1 and n = 3, which is similar to the grain sizes of the ferecrystals
determined by TEM.
Furthermore, the temperature dependence of the resistivity of the ferecrystals
is compared to bulk NbSe2 [53] and 2-3 sheets of NbSe2 [10], as shown in Fig. 5.21.
The RRR of the 2-3 sheets of NbSe2 is lower than that of the ferecrystals, which
can be due to the two-terminal measurement setup for the NbSe2 flakes reported
in [10]. The 2-3 layer thick NbSe2 single crystals and bulk NbSe2 single crystals
[9, 10, 52, 53, 60] show a deviation from a linear temperature dependence of R
on T , whereas R(T ) for the ferecrystals and MLCs is linear between T = 100K
and rt. The temperature dependence of the resistivity of the ferecrystals is more
metal-like than that of NbSe2. This indicates fundamental differences between the
transport mechanisms in ferecrystals and NbSe2.
5.8.2 Charge density wave transition
A typical indication for a CDW transition in bulk NbSe2 single crystals is an
anomaly in the slope of ρ(T ) between T = 30K to 60K [1, 50, 52–56]. Anomalies
in the resistivity at the CDW transition temperature have also been observed for
VSe2 single crystals [90, 95, 112, 113] and ferecrystals containing single and few
VSe2 layers [19, 25, 64]. MLCs containing NbSe2 do not show indications for a
CDW transition in resistivity [36, 40–43]. For the ferecrystals investigated in this
work an anomaly in the slope of R(T ) is not observed as shown in Figs. 5.21 and
B.3. For few-layer NbSe2 it has been shown that although no indications for a
CDW transition are not observed in the electrical properties, a CDW is present as
has been verified by Raman measurements [1]. It has been shown for bulk NbSe2
that there is a relation between the sharpness of the resistive anomaly and the
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RRR. For bulk NbSe2 single crystals with a RRR higher than 27, an anomaly
in the slope of the resistivity at about T = 30K to 60K has been reported.
This anomaly is not observed for NbSe2 with a RRR of less than 13 [52–54, 56].
The RRR values of the ferecrystals are much lower than 13, indicating a higher
disorder, which might suppress the charge density wave state or reduce its effect
on the resistivity in these samples.
Another typical indication for a CDW transition in NbSe2 can be found in an
anomaly of the Hall coefficient below about T = 30K to 60K [1, 52, 54, 55, 60].
Bulk NbSe2 with high a high RRR is known to show a change in the sign of the
Hall coefficient in this temperature range [52, 54, 60]. For NbSe2 single crystals
with a low RRR, no change in sign of the Hall coefficient is observed, it remains
p-type down to 7K, where it becomes superconducting [52, 54, 60]. The ferecrys-
tals show a positive Hall coefficient at T = 10K. Similar [(PbSe)1.14]1[NbSe2]1
ferecrystal samples showed a positive Hall coefficient throughout the temperature
range between T = 20K and 300K [23]. This indicates that the CDW effect is
not enhanced in these ferecrystals by a possible enhancement in their quasi-two
dimensionality due to their turbostratic disorder. The polycrystallinity of the
ferecrystals, leading to a low RRR, the change in charge carrier density due to
charge transfer or the reduced NbSe2 layer thickness might prevent the CDW state
in the ferecrystal or its effect on ρ and RH . This seems to be different for the
VSe2-containing ferecrystals [19, 64]. A particular difference between the crys-
tal structures of VSe2 and NbSe2 is that the transition metal atoms in VSe2 are
surrounded by the Se atoms in an octahedral configuration, whereas for NbSe2
they are surrounded in a trigonal-prismatic configuration. However, although no
indications for a CDW transition are observed in the electrical properties of the
[(PbSe)1+δ]1[NbSe2]n ferecrystals, it is still possible that a CDW is present, as has
been shown for NbSe2 by Raman measurements at few-layer NbSe2 [1].
5.8.3 The influence of turbostratic disorder and polycrystallinity
As shown in Fig. 5.21, the temperature dependencies of the normalized resistances
of the ferecrystals are between those reported for 2-3 layers of NbSe2 single crys-
tals [10] and the data reported for conventional MLCs [40, 41]. The temperature
dependence of the resistance of the [(PbSe)1+δ]1[NbSe2]n ferecrystals and MLCs
is linear between T = 100K and room temperature. It can be concluded, that the
turbostratic disorder, polycrystallinity and the lower thickness of the ferecrystals,
do not have an influence on the linear trend between T = 100K and room temper-
ature as observed for the MLC single crystals. However, they have an influence
on the slope of R(T )/R290K and on the absolute resistivity values.
The residual resistivity values of the [(PbSe)1+δ]1[NbSe2]n ferecrystals, displayed
in Fig. B.2, are higher than in-plane resistivity values reported for the analogous
conventional MLCs by Nader et al. [41] and Auriel et al. [40, 42, 43] (Fig. 5.24).
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Hall coefficients for these MLCs have only been reported for n = 1 with a carrier
density of p = 3× 1021 cm−3 at T = 4K, determined by p = 1/(eRH) [42]. This
carrier density is similar as obtained for the ferecrystal n = 1, Fig. 5.25. At T =
300K the carrier density reported for the MLC with n = 1 is p = 5.7× 1021 cm−3,
which is similar to the value reported for [(PbSe)1.14]1[NbSe2]1 ferecrystals [23].
The similarity between the Hall coefficients of MLCs and ferecrystals indicates that
the differences in resistivity result from differences in the mobility. A possible rea-
son for differences in mobility could be that the polycrystallinity and turbostratic
disorder of the ferecrystals in contrast to MLCs which are single crystalline. This
hypothesis is also supported by the fact that the RRR values of the MLC with
n = 1 and 2 are higher than the RRR of the ferecrystals. The in-plane grain size in
ferecrystals is few to several tens of nanometers, as observed in the HAADF-STEM
images. The cross-plane grain size is only few atomic layers due to the turbostratic
disorder. This could explain the observed differences in ρres and RRR between
the ferecrystals and MLCs.
The Debye temperatures θD obtained from the Bloch-Grüneisen fits are shown
in Fig. 5.22 as a function of n. The values for ΘD of the ferecrystals are similar as
the values reported for the analogous MLCs, suggesting that their phonon spectra
are similar, despite of the turbostratic disorder. Debye temperatures of about
200K are typical for MLCs containing NbX2 with X=Se or S [38, 40, 41].
5.9 Superconductivity in [(PbSe)1+δ]1[NbSe2]n ferecrystals
The temperature-dependent normalized resistances of the [(PbSe)1+δ]1[NbSe2]n
ferecrystals for temperatures down to 300mK are displayed in Fig. 5.26. The re-
sistances were measured using a lock-in amplifier (DSP 7265) with currents of
Irms = 2 µA applied in one of the van der Pauw resistance measurement configura-
tions. Van der Pauw measurements with direct currents of up to 2.4 µA have also
been performed in this temperature range and the results are shown in Fig. B.7.
All measurements show the same abrupt decrease in resistance with decreasing
temperatures for all [(PbSe)1+δ]1[NbSe2]n ferecrystals with n = 1, 2 and 3. This
clearly marks a transition from a normal conducting to a superconducting state.
The transition temperatures Tc and transition widths ∆T determined by the lock-
in and the van der Pauw and technique are similar. Furthermore, the transition
temperatures are similar for both samples measured for each n (samples A and
B).
The transition temperature to superconductivity Tc has been determined as
R = 0.9Rn, where Rn is the resistance in the normal state close to the transition
temperature. The values obtained for Tc for the ferecrystals are shown in Fig. 5.27
and Table B.8. For the ferecrystals Tc = 1.11(2)K, 1.91(3)K and 2.66(4)K for
n = 1, 2 and 3, respectively. Figure 5.27 shows that Tc of the ferecrystals increases
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Figure 5.26: Temperature-dependent resistances of [(PbSe)1+δ]1[NbSe2]n ferecrys-
tals (batch 3) normalized to the resistance at T = 290K for different n between
0.3K ≤ T ≤ 300K showing transitions to the superconducting state. Samples
A and B indicate the clover-leaf and the cross-shaped samples, respectively.
monotonously with increasing n.
For n = 1 and 2 there is a kink in the R(T )-curve at at R = 0.68Rn and
R = 0.91Rn at which the slope of R(T ) changes. The transition width ∆T has
been determined for all samples as the temperature range between R = 0.1Rn
and R = 0.9Rn and is 0.26(4)K, 0.07(4)K and 0.05(5)K for n = 1, 2 and 3,
respectively (Table B.8). The superconducting transitions in R(T ) of batches 1
and 2 are shown in Fig. B.8 and in Fig. B.9 they are compared to those of batch
3. Batches 1 and 2 have shown intermediate layers in the HAADF-STEM images,
whereas the samples of batch 3 showed a layer stacking sequence as expected
(Fig. 5.4.5).
5.10 Discussion of superconductivity
5.10.1 The transition temperatures in comparison to NbSe2 and their
dependence on the thickness of the NbSe2 layers
Fig. 5.27 shows the transition temperature to superconductivity of the ferecrystals
in comparison to NbSe2 and MLCs. The value n for the NbSe2 single crystals
in Fig. 5.27 depicts the total number of isolated single NbSe2 monolayers along
the c-axis of NbSe2 in the sample. The Tc values shown in Fig. 5.27 have been
determined from in-plane resistance measurements, except for the Tc reported by
Oosawa et al. [39], which have been measured at powder compacts. For bulk
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Figure 5.27: Tc of [(PbSe)1+δ]1[NbSe2]n ferecrystals determined as the tempera-
tures at R = 0.9Rres. Values for NbSe2 single crystals are reported by Xi et al.
[1], Staley et al. [10], El-Bana et al. [9] and Nader et al. [58]. Data reported for
conventional MLCs are by Oosawa et al. [39], Auriel, et al., 1992 [43], Auriel,
et al., 1993 [40], Auriel, et al., 1995 [42] and Nader et al. [41].
2H-NbSe2 transition temperatures of Tc = 7.0K to 7.4K have been reported [1,
58, 59, 61–63, 105], obtained from resistance measurements within the layer plane.
Bulk PbSe is reported to become superconducting only under a high pressure of
about 300 kbar [121]. The transition temperature of NbSe2 single crystals has
been reported to decrease systematically with decreasing sample thickness along
the crystallographic c-axis, with the resistance measured within the layer planes
[1, 2, 9, 10, 63]. A final explanation for the amount of decrease in Tc of NbSe2 with
decreasing thickness has not been found yet [9, 10, 13]. Similar as reported for
NbSe2 and MLC, Tc of the ferecrystals also increases with increasing thickness of
the NbSe2 layers in the repeat unit. The transition temperature for polycrystalline
NbSe2 has been reported to be identical [71] or to show only a reduction by less
than 2.5% (0.15K) of Tc (0.15K) of NbSe2 single crystals [72]. Therefore, the
thickness dependence of Tc in NbSe2 could be one possible explanation for the lower
Tc in ferecrystals compared to bulk NbSe2 and the increase in Tc with increasing n.
The Tc values reported for 2-3 monolayers of isolated NbSe2 flakes with Tc ≈ 1K to
2.5K [10] are similar to the Tc values measured for the ferecrystals with n = 2 and
3. However, recent measurements of single-layer, bilayer and trilayer NbSe2 have
shown Tc-values which are 2.5-3 times higher than those of the ferecrystals [1, 2]
(Fig. 5.27). This indicates that the thickness effect in NbSe2 alone cannot explain
the strong decrease in Tc of the ferecrystals compared to NbSe2. A further possible
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effect leading to a lower Tc of the ferecrystals in comparison to NbSe2 would be
the proximity effect. This effect describes the lowering of Tc of a superconductor,
which is in contact with a normal conductor. It results from the diffusion of
charges across the interface between the superconductor and the normal conductor
[177]. However, the proximity effect is stronger for a superconductor-normal metal
interface than for a superconductor-semimetal interface [177, 197]. Band structure
measurements would be necessary to confirm the influence of the PbSe layers on
Tc in the ferecrystals.
5.10.2 The transition temperatures in comparison to misfit layer
compounds
The transition temperatures for the ferecrystals are only about 44% to 64% of
the Tc reported for the analogous [(PbSe)1+δ]1[NbSe2]n MLCs [40–43], for which
the resistance has been measured within the layer plane. The Tc values reported
for the MLCs by Auriel et al. [40, 42, 43] and Nader et al. [41] have been obtain
from in-plane resistance measurements, similar as for the ferecrystals. In contrast,
for the MLCs reported by Oosawa et al. [39] the resistance has been measured
at pressed powder samples. Due to an anisotropy of the superconducting energy
gap of NbSe2 [160, 167] it is not surprising that the results for Tc of these MLCs
differ from those of the ferecrystals. However, the strong reduction in Tc of the
ferecrystals in comparison to the MLCs reported by Auriel et al. [40, 42, 43] and
Nader et al. [41] cannot be easily explained. The lower Tc of the ferecrystals
compared to the MLCs cannot be explained by the in-plane polycrystallinity of
the ferecrystals itself. The transition temperature for polycrystalline NbSe2 has
been reported to be similar to that of NbSe2 single crystals [71], or only 0.15K
lower than the value of NbSe2 single crystals of Tc = 7.17K (which is only 2% of
Tc) [72]. The transition temperatures for bulk niobium single crystals and bulk
polycrystalline niobium do not differ by more than a few 0.1mK [198, 199], showing
that the polycrystallinity does not affect Tc. Superconductivity is connected to
the phonons of a material [75]. The Debye-temperatures of ferecrystals and MLCs
(Fig. 5.22) indicate similar phonon spectra, which cannot explain the difference
in their Tc values either. Another main difference between the MLCs and the
ferecrystals is their total thickness. The total thickness of a ferecrystal thin film
is about 40 nm, thereof 20 nm of NbSe2 layers, whereas the total thickness of
the NbSe2 layers in the MLCs is several micrometers. However, the transition
temperature for about 10 nm thick isolated NbSe2 flakes is reported to be already
as high as 5.7K to 6.7K [9, 10]. The transition temperatures of the MLCs and
ferecrystals are much lower than that, indicating that the total sample thickness
does not predominantly determine Tc.
A possible reason for the differences in Tc of the ferecrystals in comparison
to the MLCs can result from the coordination of the Nb atoms by Se and the
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stoichiometry of their NbSe2 layers. The MLCs [(PbSe)1+δ]1[NbSe2]n have been
reported to show a trigonal prismatic coordination of the Nb atoms by Se atoms
[40–43, 140] in the NbSe2 layers, similar as in the polytype 2H-NbSe2. In contrast,
for the NbSe2 layers in the ferecrystals [(SnSe)1+δ]1[NbSe2]n indications for a mix-
ture of a trigonal prismatic and an octahedral coordination have been reported
[29]. NbSe2 polytypes containing a mixture of trigonal prismatic and octahedral
coordination (e. g. 4H-NbSe2 [29, 83]) have been reported to show Tc ≤ 6.5 kelvin
[61, 83]), which is lower than for the trigonal prismatic polytype 2H-NbSe2 with
Tc = 7K [58, 59, 61, 83]. Furthermore, Tc has been reported to depend on the
stoichiometry of NbSe2, i. e. Nb1+ySe2, which could be realized by interstitial Nb
atoms in the van der Waals gaps [61]. Tc is reported to decrease from 7K for
y = 0 to approximately 5.5K for y = 0.02 [61]. The occurrence of an octahe-
dral coordination and a higher Nb content in the NbSe2 layers in the ferecrystals
would both explain a lower Tc in the ferecrystals in comparison to MLCs. In the
HAADF-STEM images sample areas with trigonal prismatic coordination have
been observed. However, it cannot be excluded that additional areas with octahe-
dral coordination are present. The kinks in the transition to superconductivity in
R(T ) might be explained by two distinct transitions, one for the trigonal prismatic
and one for the octahedral sample areas. Interstitial Nb in the van der Waals gaps
may be detected by measuring the distances between the lattice planes in the
NbSe2 layers using X-ray diffraction methods.
If non-stoichiometry and octahedral coordination of the Nb atoms by Se can
be excluded in the ferecrystals and MLCs, the most probable reason for a lower
Tc in ferecrystals as compared to MLCs is the turbostratic disorder in the fere-
crystals. In the MLCs the NbSe2 and PbSe layers are aligned along one direction
along which they are commensurate. This alignment leads to lattice strain in the
NbSe2 and PbSe layers. In contrast, in ferecrystals the layers are not aligned, but
show a turbostratic disorder and independent lattice parameters. In MLCs, this
structural coherence between consecutive NbSe2 layers along the stacking direc-
tion might lead to a coupling between the superconducting NbSe2 layers across
the non-superconducting PbSe layers, which might lead to the observed higher Tc
than in ferecrystals. Critical magnetic field measurements [41, 73, 75, 177] would
be helpful to confirm a possible decrease of the Ginzburg-Landau cross-plane co-
herence length of the ferecrystals compared to that of the respective MLCs.
Reports on isolated mono-, bi-, and trilayer flakes of NbSe2 [1, 2], show higher
Tc values than both ferecrystals and MLCs. However, for the NbSe2 monolayers
a proximity effect is not present, which can be present for ferecrystals and MLCs.
Furthermore, according to the BCS theory, the transition temperature increases
with increasing density of states at the Fermi level [75]. For bulk NbSe2 the
conduction band (d-band) is half filled. A possible electron transfer from PbSe to
NbSe2, as suggested in [23], would result in a change in the density of states at
the Fermi level compared to NbSe2.
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5.10.3 The transition width ∆T
A transition width of ∆T ≈ 0.04K to 0.3K has been determined for the fere-
crystals [(PbSe)1+δ]1[NbSe2]n with m = 1 − 3, which is about 2% to 27% of Tc,
as given in TableB.8. These relative transition widths are similar to the values
6% to 21% reported for the MLCs [(PbSe1.12)1[NbSe2]2 [41] and to the approxi-
mately 9% reported for an isolated NbSe2 monolayer [1]. The relative transition
widths for the ferecrystals are higher than for bulk NbSe2 single crystals, for which
∆T/Tc = 1% has been reported [58]. Few-layer NbSe2 flakes have been reported
to show several steps in R(T ) during the transition to superconductivity, which
might be ascribed to either an inhomogeneous thickness or disorder in the stacking
sequence [1, 9, 63]. The transition widths reported for isolated NbSe2 mono-, bi-
and trilayers [1] decrease with increasing number of NbSe2 layers, similar as for
the ferecrystals.
As visible in the temperature-dependent resistance measurements of the fere-
crystals in Fig. 5.26, for n = 1 and n = 2 there are kinks in R(T ). These kinks
could be due to stacking defects in the samples, which might be present in sample
areas, which were not observed by HAADF-STEM. If there are regions in the
sample where two or more NbSe2 layers, which should be separated by a PbSe
layer, are connected over a small area, this could lead to local areas with a higher
Tc than the rest of the sample. If in addition a saturation in Tc with increasing n
was present, with e.g. a decrease in slope of Tc(n) for n ≥ 3, this would lead to a
lower transition width for n = 3 than for n = 1 and 2. Furthermore, as mentioned
above, sample areas with octahedral or trigonal prismatic coordination might also
lead to two distinct transition temperatures.
The indium contacts are unlikely to lead to these kinks, because the super-
conducting transition temperature of indium has been reported as Tc = 3.4K
[200–202], which is much higher than the observed transition temperatures. Also
a possible reduction in Tc for a possible thin indium film across the sample is
unlikely, because the kinks and transitions to superconductivity are at identical
temperatures for samples A and B, which have different sample and contact ge-
ometries. A possible proximity effect could cause the resistance in the ferecrystals
to decrease near the indium contacts when the indium becomes superconducting.
However, as visible in Figs. 5.26 and B.7, there is no kink in the measured resis-
tivity near the transition temperature of indium and the kinks are at identical
temperatures for samples A and B although the samples differ in geometries. This
indicates that the indium contacts do not play a major role for the superconduc-
tivity measurements of the ferecrystals due to the applied four-terminal sensing
technique. Further measurements with non-superconducting contacting materials
would be helpful to confirm this.
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the ferecrystals [(SnSe)1+δ]m[NbSe2]1
6.1 Synthesis of the ferecrystals [(SnSe)1+δ]m[NbSe2]n
The synthesis of [(SnSe)1+δ]m[NbSe2]1 ferecrystals allows to study the effect of a
monochalcogenide with a wider band gap than PbSe in the ferecrystals. For the
ferecrystals [(SnSe)1+δ]m[NbSe2]1 the influence of the SnSe layers on the structural
and electrical properties is studied by varying the number of SnSe layers m, while
keeping the number of NbSe2 monolayers in the repeat unit constant at n = 1.
The [(SnSe)1+δ]m[NbSe2]n ferecrystal samples have been synthesized by Matti
B.Alemayehu in the group of Prof. David C. Johnson at the Department of Chem-
istry, University of Oregon using the MER method [16–20, 22–27], as described in
Sect. 5.1. The layers from the elemental sources Sn (99.999% purity), Nb (99.999%
purity) and Se (99.999% purity) were deposited on substrates using the physical
vapor deposition. Tin and niobium are evaporated using electron beam guns and
an effusion cell was used to evaporate Se. The first layers deposited onto the
substrates are Sn and Se and the topmost layers are Se-Nb-Se. Subsequently,
the samples were annealed for 20 min at 400 ◦C in a nitrogen atmosphere. The
calibration process for the amount of each element required and the optimal an-
nealing temperature is described in [24]. Silicon (100) substrates with a 300 nm
thick silicon oxide layer were used for both, the samples for TEM investigations,
as well as for electrical transport measurements.
SnSe (2 atomic layers)
NbSe2 (3 atomic layers)
repeat unit
(m,n)   =    (1,1)            (2,1)           (3,1)           (4,1)           (5,1)           (6,1)
Figure 6.1: Schematic of the stacking sequences of the ferecrystals
[(SnSe)1+δ]m[NbSe2]n. The repeat units are stacked repeatedly up to a
total sample thickness d, which is given in Table 6.1.
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Table 6.1: Total sample thicknesses d of the ferecrystals [(SnSe)1+δ]m[NbSe2]n
determined from X-ray reflectivity by M.Alemayehu.
(m,n) (1,1) (2,1) (3,1) (4,1) (5,1) (6,1)
d (nm) 46.1(3) 48.2(2) 53.0(2) 51.137(2) 42.696(5) 37.812(2)
The samples for the TEM investigations as well as electrical transport measure-
ments are from the same synthesis batches and were annealed in the same load.
The stacking sequences of the samples prepared for the [(SnSe)1+δ]m[NbSe2]1 sam-
ple system are shown schematically in Fig. 6.1. The substrates for the samples for
TEM investigations have a size of about 15mm x 15mm and were completely
covered by ferecrystals. The size of the substrates for the electrical measurements
is 10mm x 5mm. The samples have the shape of a clover leaf and a Greek cross
deposited using a metal shadow mask. The Greek cross and the clover leaf have
the same size as described in Sect. 5.1. In the following the clover leaf shaped sam-
ple of each material will be referred to as ‘sample A’ and the Greek cross shaped
sample as ‘sample B’. The total film thicknesses d of the ferecrystal samples, given
in Table 6.1, were determined from X-ray reflectivity measurements on samples of
the same batch at the University of Oregon.
6.2 Structural peculiarities
6.2.1 Sample structure of [(SnSe)1+δ]m[NbSe2]1 ferecrystals
Typical HAADF-STEM overview images of the [(SnSe)1+δ]m[NbSe2]1 samples
with m = 1, 4, 5 and 6 are shown in Fig. 6.2. The samples exhibit the expected
stacking sequence over a large scale. The total film thicknesses measured in the
HAADF-STEM images agrees with the thicknesses determined by XRR on sam-
ples of the same batch. All four specimens were prepared using a face-to-face
gluing temperature of 80 ◦C, with LN2-cooling during ion milling and final ion
energies of 1.4 keV. For these specimens, no intermediate layers are found. As
visible in Figs. 6.2 and A.10 the samples m = 4 − 6 show columnar-like regions
of bright and dark areas extending from the substrate to the surface of the sam-
ple, similar as observed for the [(PbSe)1+δ]1[NbSe2]n ferecrystals. These columns
of similar brightness seem to apply only to the SnSe layers, whereas the NbSe2
layers can have different brightness values within a single column. The observed
differences in brightness of individual columns in the HAADF-STEM images can
be attributed to slightly different crystal orientations. Consequently, the column
width may be used for estimation of the average in-plane grain size. Hence, for
the samples [(SnSe)1+δ]m[NbSe2]1 with m = 1, 4, 5 and 6 an in-plane grain size of
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a) m = 1 46.1 nm
silicon oxide
b) m = 4 51.1 nm
silicon oxide
c) m = 5 d) m = 642.7 nm 37.8 nm
20 nm
20 nm
silicon oxide 20 nmsilicon oxide
20 nm
Figure 6.2: HAADF-STEM images of [(SnSe)1+δ]m[NbSe2]1 ferecrystals with m =
1, 4, 5 and 6 on 300 nm silicon oxide on Si. Thickness values determined by
XRR at respective samples of the same batch are given in each image.
5 nm-50 nm was estimated.
High-resolution HAADF-STEM images from the center of the thin films are
shown in Fig. 6.3. They show the expected stacking sequence of NbSe2 single
layers alternating with m SnSe bilayers. Some of the layers are oriented along
low-indexed zone axes and the atomic columns are visible. These orientations
agree with projections of the individual binary compounds SnSe and 2H-NbSe2.
The fact that atomic bilayers can be distinguished in the SnSe layers indicates
that all the SnSe layers in the ferecrystals are oriented such that the c-axis of
SnSe (assuming the structure is α-SnSe with space group Pmcn [84]) is pointing
along the stacking direction, i. e. in the HAADF-STEM images SnSe is projected
along the [u v 0] directions. The fact that three atomic layers are visible for NbSe2
means that the c-axis of NbSe2 is also pointing in stacking direction. As in the
[(PbSe)1+δ]1[NbSe2]n samples, the NbSe2 layers in the HAADF-STEM consist of
a brighter central (Nb) layer, sandwiched between two darker (Se) layers and show
a trigonal prismatic coordination of Nb atoms by Se atoms as visible in the [1 0 . 0]
oriented NbSe2 layer in Fig. 6.3a. In some parts of the sample the NbSe2 layers
appear brighter than the SnSe layers, although Nb has a lower atomic number
than Sn. This effect can appear if the incoming electron beam is parallel to a low-
indexed zone axes of the NbSe2 layers, along which there is a high packing density
of atoms (channeling effect). As a result, the NbSe2 layer may appear brighter in
the image than differently oriented NbSe2 layers (different channeling condition) or
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Figure 6.3: High-resolution HAADF-STEM images of [(SnSe)1+δ]m[NbSe2]1 fere-
crystals showing turbostratic disorder. Projections of SnSe along [1 1 0] and
[0 1 0] and NbSe2 along [1 2 . 0] and [1 0 . 0] are indicated by structure models of
the bulk structures of α-SnSe [84] and NbSe2 [82].
even SnSe. Similarly, some of the SnSe layers appear brighter than adjacent SnSe
layers and the bright SnSe layers are often aligned along a low-indexed zone axis,
as seen e. g. in Figs. 6.3a, b, d and 6.5. The EDXS maps in Fig. 6.6 also confirm
the identification of SnSe and NbSe2 layers found in the HAADF-STEM images.
The fact that consecutive SnSe or NbSe2 layers along the stacking direction show
an abruptly different brightness values shows that their orientation around the
c-axis has changed, reflecting the turbostratic disorder.
6.2.2 Defects in [(SnSe)1+δ]m[NbSe2]1 ferecrystals
Several types of stacking defects have been observed in some parts of the fere-
crystals [(SnSe)1+δ]m[NbSe2]1. The projected area fraction of defects for sample
m = 1 has been determined as 1.6% from the image in Fig.A.11 by calculating the
ratio between the defect area (blue dashed boxes) and the total area of 3993 nm2
(red box). The contrast between the SnSe and the NbSe2 layers is not as high as
for the PbSe-NbSe2 system, but bilayers can be identified as the SnSe layers and
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2 nm
Figure 6.4: HAADF-STEM image of [(SnSe)1+δ]1[NbSe2]1 ferecrystal. Dashed
boxes indicate stacking defects where SnSe replaces a part of an NbSe2 layer.
trilayers as NbSe2. A typical type of stacking defect in sample m = 1 is shown in
Fig. 6.4. In this stacking defect a SnSe bilayer replaces a part of a NbSe2 layer.
This is similar to the observation in the [(PbSe)1+δ]1[NbSe2]n samples, where a
PbSe bilayer replaced one or several NbSe2 layers, resulting in a local deviation
from the nominal stacking sequence.
For the samples of type m = 6 other types of stacking defects are present. Fig-
ures 6.5a and b display two different sample areas of sample m = 6 and Figs. 6.5c
and d show magnified parts of these images. Grain boundaries within the SnSe
layers are indicated by arrows. The grain boundaries appear darker than the ad-
jacent SnSe layers, a possible reason being that in the grain boundaries the atoms
are less closely packed than inside the grains, and that the channeling conditions
for the electrons become different at these specimen positions. In Fig. 6.5c in the
grain to the left of the SnSe[010] grain there are only 5 SnSe bilayers present,
although 6 SnSe bilayers would be expected for m = 6. As a result, below this
defect the SnSe layers are offset on both sides of the grain boundary. At the grain
boundary, the NbSe2 layer on the left-hand side merges into a SnSe bilayer on the
right, indicated by the dashed box in Fig. 6.5c.
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a) b)
c) d)





Figure 6.5: HAADF-STEM images of [(SnSe)1+δ]6[NbSe2]1. Boxed areas in a)
and b) are shown magnified in c) and d). Arrows indicate grain boundaries.
Structure models of α−SnSe are from [84]. Boxes in c) and d) indicate stacking
defects.
6.3 Compositional analysis of [(SnSe)1+δ]m[NbSe2]1 thin
films
Energy-dispersive X-ray spectroscopy was applied to investigate the chemical com-
position of the [(SnSe)1+δ]m[NbSe2]1 ferecrystals. Fig. 6.6 shows a representative
HAADF-STEM images and EDXS maps of sample m = 5, all obtained from the
same sample area. The alternating thick SnSe and thin NbSe2 layers can be rec-
ognized by regions of high Sn and low Nb content alternating with regions of high
Nb and low Sn content, respectively.
An EDXS spectrum obtained from the entire specimen area of Fig. 6.6 is shown
in Fig. 6.7. The peaks in the spectrum can be ascribed to Nb, Sn, Se, O, Si, C and
Cu. Copper and carbon are spurious elements resulting from the TEM specimen
preparation. The energy ranges used for the EDXS maps shown in Fig. 6.6 are
highlighted in green.
An EDXS linescan through a part of the mapped area in Fig. 6.6 is plotted in
Fig. 6.8. The linescan reflects the alternating SnSe and NbSe2 layers more clearly
than the maps. In addition, it is depicted that the Se concentration is higher
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Figure 6.6: HAADF-STEM image and EDXS maps of sample
[(SnSe)1+δ]m[NbSe2]1 with m = 5. The dashed white lines indicate in-
terfaces between thin film and substrate or surface.
in the same layers in which the Nb concentration is also high, as expected for
NbSe2 layers. An apparent decrease of the separation between subsequent NbSe2
layers and a total film thickness lower than the value of 42.7nm obtained by
Figure 6.7: EDXS spectrum of sample[(SnSe)1+δ]5[NbSe2]1 in Fig. 6.6.
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Figure 6.8: a) HAADF-STEM image of [(SnSe)1+δ]5[NbSe2]1, b) EDXS linescan of
specimen area in a). The counts for Sn have been multiplied by a factor of 0.5
for a better visibility. The red lines indicate the positions of the NbSe2 layers.
XRR are present in Fig. 6.8. This can be explained by a drift of the sample
during the acquisition of the EDXS map, which can lead to artifacts in this length
scale. The linescan also shows that the oxygen concentration is increased in the
specimen areas near the substrate and at the surface of the film. The increased
oxygen concentration at the interface between the ferecrystal and the substrate
can stem from the silicon oxide substrate. Near the surface of the film the oxygen
concentration is increased within a thickness of a few nanometers, which could
result from oxidation of the sample surface and also from the epoxy resin used for
face-to-face gluing of the specimens.
6.4 Electron diffraction analysis of [(SnSe)1+δ]m[NbSe2]1
ferecrystals
Figure 6.9 shows selected-area electron diffraction patterns of [(SnSe)1+δ]m[NbSe2]1
ferecrystals. The diffraction spots can be indexed using the crystal structures of
bulk SnSe [84] and bulk NbSe2 [82] individually. The reflections for SnSe were in-
dexed according to the structure reported in [84] for bulk α-SnSe at room temper-
ature, using space group Pmcn and lattice parameters obtained by in-plane X-ray
diffraction for the [(SnSe)1.16]1[NbSe2]1 ferecrystal reported in [24]. The NbSe2
reflections are indexed according to bulk 2H-NbSe2 [82] at room temperature
using lattice parameters obtained by in-plane XRD of the [(SnSe)1.16]1[NbSe2]1
ferecrystal [24]. A distinction between the orthorhombic α-SnSe structure and the
quasi-tetragonal high-temperature β-SnSe structure from these SAED patterns is
not possible due to the insufficient resolution of the SAED patterns. Both pos-
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Figure 6.9: Selected-area electron diffraction patterns of ferecrystals
[(SnSe)1+δ]m[NbSe2]1 with m = 1, 4, 5 and 6. On the right-hand sides
of the images the brightness and contrast values were changed in order
to enhance the reflections with lower intensity. SnSe is indexed according
to binary α-SnSe which is shown on the left-hand side of each diffraction
diagram. The indexing of NbSe2 according to binary 2H- NbSe2 is shown
on the right-hand side. The {0 0 l} ferecrystal reflections along the central
vertical line in the diffraction pattern result from the ferecrystal repeat unit
(blue circle).
sibilities would fit the measured data. Usually, the SnSe layers in MLCs have a
structure similar to the SnSe layers in β-SnSe [35]. A significant change of the
in-plane lattice parameters of SnSe with increasing m is not observed either.
The SAED patterns in Fig. 6.9 show a streaking of the lateral reflections instead
of diffraction spots. The streaking is more pronounced for lower values of m. The
streaks are due to the small size of the NbSe2 and SnSe layers along stacking
direction, and due to the lack of orientation relationships between subsequent
layers (turbostratic disorder), as depicted in Sect. 3.4. Due to the turbostratic
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Table 6.2: Repeat unit thicknesses s of the ferecrystals [(SnSe)1+δ]m[NbSe2]1 with
m = 1, 4, 5 and 6 determined from SAED patterns.
m 1 4 5 6
Repeat unit thickness s (nm) 1.25(5) 2.98(4) 3.6(1) 4.14(7)
disorder of the ferecrystals the size of the crystallites along the stacking direction
is limited to about one repeat unit. For higher m, less repeat units are contained
in the observed sample area and thicker SnSe layers are present leading to less
intensity streaking in the SAED patterns. The SAED patterns also show discrete
00l reflections of the ferecrystals, which result from the periodicity of the repeat
unit. The thickness s of the repeat unit along stacking direction was obtained
by measuring the distances between the diffraction spots 00l and 00l̄ and using
Eq. (3.4). The results are displayed in Table 6.2. The values obtained for s agree
with the values observed in the HAADF-STEM images.
6.5 Discussion of structural properties of
[(SnSe)1+δ]m[NbSe2]1 ferecrystals
The HAADF-STEM and EDXS analysis reveal that the designated stacking se-
quences were achieved in most parts of the [(SnSe)1+δ]m[NbSe2]1 ferecrystals with
m = 1, 4, 5 and 6. Few stacking defects were observed in these samples. A typical
defect found in the sample m = 1 is one in which a SnSe bilayer replaces a NbSe2
layer. This type of defect is difficult to detect by XRD methods, because the thick-
nesses of a SnSe bilayer and a NbSe2 layer are very similar (≈ 0.6 nm). Therefore,
the layers are almost not bent around these types of defects and adjacent layers
can perfectly adapt the originally intended stacking sequence again.
In the samples m = 6 defects are present, in which NbSe2 layers merge into an
SnSe bilayer instead of an NbSe2 layer. However, for m = 6 this defect has shown
to have an influence on the surrounding layers, resulting in a local deviation from
the designated stacking sequence, sometimes also affecting several surrounding
repeat units as seen in Fig. 6.5.
An interruption in the NbSe2 layers can have consequences for the electrical
transport properties, because the charge carriers moving along the in-plane di-
rection have to cross the semiconducting SnSe or the van der Waals gap between
two metallic NbSe2 layers. This might have an influence on the results of the
van der Pauw measurements, since the van der Pauw method requires samples
without interruptions. In the superconducting state such interruptions might lead
to Josephson junctions. However, the defect density is low, which suggests that
the NbSe2 layers are connected somewhere within the layer plane. Therefore, this
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should have no influences on the transition temperature to superconductivity Tc
obtained from resistance measurements.
In the NbSe2 layers the atomic structure has been resolved in some sample ar-
eas and showed a trigonal prismatic coordination of the Nb atoms by Se. Since
Tc has been reported to differ for 2H−NbSe2 (Tc = 7.4K) and 4H−NbSe2 [71] and
2H−NbSe2 contains only trigonal prismatic coordination of Nb whereas 4H−NbSe2
also contains octahedral coordination, the coordination might have an influence
on Tc. For [(SnSe)1+δ]1[NbSe2]n ferecrystals trigonal prismatic and octahedral co-
ordination have been reported [29]. The SnSe layers in the ferecrystals showed a
similar atomic structure as bulk SnSe. The diffraction spots observed in the SAED
patterns can be indexed individually using diffraction patterns of bulk α-SnSe and
bulk NbSe2, confirming that their structures have not changed much compared
to the bulk structure. A change of the in-plane lattice parameters of SnSe with
increasingm has been reported for the SnSe layers in similar [(SnSe)1+δ]m[NbSe2]1
ferecrystals [32] or in [(SnSe)1+δ]m[MoSe2]n ferecrystals [34]. These changes were
measured by in-plane XRD. Upon increasing m these ferecrystals have been re-
ported to show a transition from the quasi-tetragonal high-temperature phase
(β-SnSe) to the orthorhombic rt phase (α-SnSe). In the SAED patterns in this
work changes in the lattice parameter of SnSe are not resolvable. A higher resolu-
tion or in-plane XRD would be necessary to see a possible splitting of the SnSe hkl
peaks with h 6= k, which would prove the formation of SnSe with an orthorhombic
structure.
The repeat unit thicknesses s obtained by SAED agree with the values observed
in the HAADF-STEM images and also with values which would be expected from
the binary compounds of NbSe2 and SnSe. The repeat unit thickness for m = 1
agrees with the value reported for a similar ferecrystal, measured by XRD [24].
Assuming that the thicknesses of the individual SnSe bilayers and NbSe2 monolay-
ers layers do not change with m, the slope of a linear fit with s = m · tSnSe + tNbSe2
yields a thickness of one SnSe bilayer of tSnSe = 0.579(5) nm. The intercept of the
fit yields the thickness of a single NbSe2 layer of tNbSe2 = 0.67(2)nm. These results
will be used in Sect. 6.8.2 for the evaluation of the carrier density and mobility
from a two-layer model.
EDXS maps and linescans confirmed the layered distribution of the elements Sn,
Nb and Se, which was indicated in the HAADF-STEM images. No other elements
were contained in the sample, except for Cu and C, which can be ascribed to the
sample preparation process and oxygen. The EDXS linescans and maps revealed
that the oxygen concentration is increased in the sample areas near the substrate
and at the surface of the sample. The increased oxygen peak near the substrate
could also be due to X-ray signals from the adjacent silicon oxide. Near the surface
of the film the oxygen concentration is increased for a thickness of a few nanome-
ters. This can be due to oxidation of the sample surface during the time between
synthesis, and TEM preparation. However, the total thickness of the ferecrystals
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Figure 6.10: Repeat unit thickness s measured from the SAED images for different
m and a linear fit to obtain the thickness of the individual SnSe and NbSe2
layers.
in the HAADF-STEM images is consistent with the thickness determined by XRR
measurements, which were carried out sooner after synthesis on another sample
of the same batch. Between synthesis and TEM sample preparation the samples
were stored in air for several days. Assuming that the thickness of all samples of
one batch is similar, a possible oxide layer at the surface did not become much
thicker during that time, otherwise the thickness of the ferecrystals would have
changed. The increased oxygen peak near the surface could also be partly due to
the epoxy resin used for gluing the specimens face-to-face.
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6.6 Temperature-dependent resistivity and Hall
coefficients of [(SnSe)1+δ]m[NbSe2]1 ferecrystals
The resistivity of the ferecrystals [(SnSe)1+δ]m[NbSe2]1 with m = 1− 6 has been
measured using the van der Pauw method. The thickness used for the calculation
of the resistivity are given in Table 6.1. The temperature-dependent resistivity
for 1.4K ≤ T ≤ 300K is shown in Fig. 6.11 (and in Figs. B.10 - B.13). Sam-
ples m = 2 and m = 3 were measured within the bachelor thesis of G.Hoffmann
[203]. For each stacking sequence the resistivity of the two samples on each sub-
strate (sample A and B) was measured successively during the same cooling and
warming cycles with constant temperatures during the resistance measurements.
No differences were observed between the resistivity values measured during the
warming and the cooling cycle. For each m samples A and B show the same trend
in their temperature-dependent normalized resistivity (Figs. 6.15 and B.11). The
temperature dependence and values of the resistivity agree with measurement re-
sults obtained at the University of Oregon for different samples of the same type of
ferecrystals between between 15K ≤ T ≤ 300K [24, 32]. Error bars in resistivity
in Fig. 6.11 resulting from the fit of the I-V curves and the thickness measure-
ment are smaller than the symbol size in Fig. 6.11. The total error including the
error due to the contact size (Sect. 4.3) are shown exemplarily only for the high-
est temperatures in Fig. 6.11. Exemplary I-V curves are shown in Figs. B.14 and
B.15.
The residual and rt resistivity values are shown in Fig. 6.14 as a function of
m for samples A and B. The error bars shown in Fig. 6.14 for the ferecrystals
include the errors due to the size of the contacts. For the samples m = 2, 3 and 6
the resistivity values for the samples A and B are very similar. Only for samples
m = 1 and 4 the two values differed (m = 1 sample A: ρ295K = 3.8(2) µWm,
sample B: ρ295K = 7.2(4) µWm; m = 4 sample A: ρ295K = 14.0(7) µWm, sample B:
ρ295K = 30(2) µWm). In contrast to the samples A, the samples B of m = 1 and
m = 4 showed several scratches. Since the rt resistivity values measured for the
’samples A’ agree with the values measured at the University of Oregon [24, 32]
for similar [(SnSe)1+δ]m[NbSe2]1 ferecrystals, the higher resistivity values of the
’samples B’ of m = 1 and m = 4 are ascribed to the scratches and possible holes or
inhomogeneities caused by the scratches, which can influence the results of the van
der Pauw method [150]. The samples show a metal-like temperature dependence
of the resistivity for temperatures between 100K and rt. At low temperatures
there is an increase in resistivity with decreasing T for m > 2. In Fig. 6.11 sample
m = 1 shows an abrupt decrease in resistivity at T = 1.4K, indicating a normal
to superconducting transition. Further resistivity measurements of the samples
m = 1, 3 and 6 at temperatures below 1.4K, performed in the Helium-3-system,
show that all of these samples become superconducting at low temperatures as
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Figure 6.11: Resistivity of [(SnSe)1+δ]m[NbSe2]1 ferecrystals (‘samples A’) for
1.4K ≤ T ≤ 300K. The resistivity of a bulk NbSe2 single crystal as reported
by [60] is also shown (indicated by *). Black solid lines are Bloch-Grüneisen
fits. Error bars are given exemplarily for the highest T .
described in Sect. 6.9.
Hall measurements were carried out for temperatures between 4.2K and 300K
using the van der Pauw technique. The thickness values used for the calculation of
the Hall coefficient are given in Table 6.1. The obtained Hall coefficients are shown
in Fig. 6.12, together with the Hall coefficient reported for a NbSe2 single crystal
[60]. The Hall coefficients of samples m = 2 and m = 3 were measured within
the Bachelor thesis of G.Hoffmann [203]. For each stacking sequence (m) the Hall
coefficient was measured for two samples (sample A and B) successively during
the same cooling and warming cycles as the resistivity measurements described
above. During each Hall measurement the temperature was kept constant. How-
ever, small drifts in temperature during the measurement were observed, which
had an influence on the measured voltage. Therefore, the magnetic field was set to
zero in between measurements with successively increasing magnetic fields and a
possible temperature-induced drift in the voltage was subtracted from the voltage
measurements for B = 0. An exemplary Hall measurement is shown in Fig. B.16.
The error bars in Fig. 6.12 are errors due to the linear fit of VH(B) and the thickness
measurement. The errors due to the contact size calculated using the estimation
given by van der Pauw [150] amount to about 0.39RH, as described in Sect. 4.3.2.
However, the errors due to contact size are temperature-independent and do not
play a role for the analysis of the temperature dependence of the Hall coefficient.
The temperature dependence and values of the Hall coefficients agree with mea-
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Figure 6.12: Hall coefficients measured for [(SnSe)1+δ]m[NbSe2]1 ferecrystals (sam-
ples A and B). The data displayed for NbSe2 (indicated by *) is from [60] for a
NbSe2 single crystal. Lines are guides to the eye. An additional temperature-
independent error of 0.39RH estimated from [150] is caused by the contat size.
surement results obtained at the University of Oregon for different samples of the
same type of ferecrystals between 15K ≤ T ≤ 300K [24, 32].
For each m the two samples A and B showed similar values and temperature
dependencies of the Hall coefficients. All Hall coefficients obtained for the fere-
crystals are positive. For T < 30K the Hall voltage was not linear in B for
magnetic fields up to 660mT. Therefore, the data VH(B) in a linear range where
B ≤ 400mT was fitted linearly to obtain the Hall coefficient.
6.7 Magnetoresistance measurement results
The magnetoresistance for sample [(SnSe)1+δ]m[NbSe2]1, m = 6 measured at dif-
ferent temperatures is displayed in Fig. 6.13. The measurements were performed in
the Helium-3-system using the lock-in amplifier DSP 7265 as described in Sect. 4.4.
Similar measurements were performed in the flow-cryostat for samplem = 2 within
the bachelor thesis of G.Hoffmann [203] and are shown in Fig. B.17.
Simultaneously with the magnetoresistance measurements, Hall measurements
have been performed at ’sample B’ using a second lock-in amplifier, as described in
Sect. 4.4. Due to the sample geometry with a small offset between the Hall voltage
contacts at the sample perpendicular to the current direction, the Hall measure-
ments are superimposed by the magnetoresistance which is non-zero at low tem-
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Figure 6.13: Magnetoresistance of sample [(SnSe)1+δ]m[NbSe2]1 with m = 6 and
fits according to a two-layer model in which NbSe2 is assumed to be n-type
and SnSe p-type.
peratures. Therefore, the offset and the magnetoresistance effect were subtracted
from the measured voltage Vm, i. e. VH(B) = Vm(B)−Vm(0)−VH(0)·MR(B), which
is shown in Figs. B.18 - B.21. The resulting Hall coefficient RH = VH · d/(I · B)
still shows a small dependence on B and therefore, RH was determined from a
linear range of VH(B) very close to B = 0. The resulting Hall coefficients and
resistivity values, measured at the same temperatures as the magnetoresistance,
agree within error with the Hall coefficients shown in Fig. 6.12 and are listed in
Tables B.9 and B.10 for m = 6 and m = 2, respectively. For m = 6 and m = 2
the magnetoresistance MR decreases with increasing temperatures and at T =
10K, MR is only about 0.1% for B = 2T for m = 6. The magnetoresistance at
T = 315K was zero for sample m = 2 for magnetic fields up to 660mT.
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6.8 Discussion of resistivity, Hall coefficients and
magnetoresistance of [(SnSe)1+δ]m[NbSe2]1
ferecrystals and analysis in a two-layer model
6.8.1 Discussion of temperature-dependent resistivity and Hall
coefficients
The residual and room temperature resistivity
The resistivity values of the ferecrystals [(SnSe)1+δ]m[NbSe2]1 at T = 4K and at rt
are shown in Fig. 6.14 as a function of m, the number of SnSe layers in the repeat
unit. An increase in resistivity with increasing m is expected from the resistivity
values of binary SnSe and NbSe2. Bulk NbSe2 is reported to be metallic with
rt in-plane resistivity values between (0.7 − 1.6) µWm reported for NbSe2 single
crystals [52, 56, 60, 63, 71, 83]. In contrast, SnSe is reported to be semiconducting
[123–127, 204, 205]. For polycrystalline SnSe films of thickness 250 nm with the
preferential orientation of the c-axis normal to the substrate surface a resistivity
of 0.05 Wm has been reported [125]. For the ferecrystals the c-axis of SnSe is
also normal to the substrate surface. The rt resistivity values measured for the
ferecrystals of 3.8(2) µWm-28(2) µWm are within this range of in-plane resistivity
values reported for SnSe and NbSe2. The rt resistivity of 3.8(2) µWm measured
for the ferecrystal sample [(SnSe)1+δ]1[NbSe2]1 is lower than the rt resistivity of
5.8 µWm reported for a powder compact of a conventional misfit layer compound
MLC (SnSe)1.16NbSe2 [35]. This difference in ρ can be explained by the high
anisotropy in the structure of these compounds resulting in a higher resistivity
along the cross-plane direction. For bulk NbSe2 single crystals the cross-plane
resistivity has been reported to be two orders of magnitude higher than the in-
plane resistivity [56]. The resistivity measured at a powder compact is an average
of the in-plane and cross-plane resistivity. Therefore, the resistivity measured on
a powder compact of NbSe2 is expected to be higher than the resistivity measured
within the layer planes.
To discuss the increase in resistivity as a function of m, the parallel resistors
model, introduced in Sect. 5.8.1 will be used as a first approximation, in which the
individual NbSe2 monolayers and the SnSe bilayers are assumed as independent
parallel resistors. Furthermore, the electrical conductivity of the SnSe bilayers
is assumed to be negligible compared to the conductivity of the NbSe2 layers.
This assumption appears justified as a first approximation, because the resistivity
reported for binary SnSe at rt is about 104− 105 times higher than the resistivity
of NbSe2, as described above. The total in-plane resistivity of the ferecrystals
[(SnSe)1+δ]m[NbSe2]n is then given by Eq. (5.4), with tPbSe replaced by tSnSe. The
thicknesses tSnSe = 0.579(5)nm and tNbSe2 = 0.67(2)nm are the thicknesses of the
individual NbSe2 and SnSe layers obtained from the SAED analysis of samples
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Figure 6.14: Resistivity values of [(SnSe)1+δ]m[NbSe2]1 ferecrystals measured and
predicted by Eq. (5.4) for a) T = 4K b) T = 295K. Samples A and B denote
the clover-leaf and cross-shaped sample, respectively. Also shown are in-plane
resistivity values for bulk NbSe2 single crystals (m = 0), reported by Naik et
al. [83] and Lee et al. [60]. Data reported by El-Bana et al. is from 9.2 nm
thick NbSe2 single crystal layers [9].
m = 1, 4, 5 and 6 (Sect. 6.4). The prediction for ρ(m,n = 1) is shown in Fig. 6.14
as a grey line. It shows that the resistivity of the ferecrystals with m = 4 − 6
increases more strongly with m than expected from the parallel resistors model in
which the conductivity of SnSe layers is assumed zero.
One possible explanation for this deviation from the predicted resistivity might
be a non-negligible conductivity of the SnSe layers which decreases with increasing
m. The rigid band model described in Sect. 2.2.3 suggests a charge transfer from
SnSe to NbSe2. A charge transfer would increase the hole density in SnSe layers,
which might therefore also contribute to electrical transport. For higher m charge
transfer might be reduced for those SnSe layers with a higher distance to the
NbSe2 layers. Although the rigid band model has been applied successfully as an
approximation for many MLCs [36], band structure calculations and measurements
for (PbS)(NbS2) MLCs [89] have indicated strong changes in the band structure
due to the stacking of the layers. Therefore, a change in the band structure
compared to the band structures of SnSe and NbSe2 could also be a reason for the
deviations from the predicted values.
Another reason for the increase in resistivity could be an increasing oxidation
of the samples with higher m. However, the sample thicknesses observed in the
HAADF-STEM images in Fig. 6.2 agree with the thicknesses determined by XRR,
although the samples investigated by HAADF-STEM have been stored in air for a
longer time before the TEM specimen preparation than the samples used for XRR,
indicating that a passivating oxide layer has formed. The rt resistivity values of the
samples m = 4−6 are a factor of 1.5 - 2 times higher than the predicted values. If
oxidation and a resulting decrease in effective sample thickness were responsible for
this, the effective sample thickness would have to be only 2/3 to 1/2 of the sample
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thickness determined by XRR. Such a reduction in sample thickness is not observed
in the HAADF-STEM images. The electrical measurements were performed only
a few weeks after or before the TEM analysis. In addition, similar results have
been found by measurements at the university of Oregon [32]. Therefore, it is
unlikely that oxidation is a reason for the unexpected increase in resistivity with
increasing m. A further explanation for the stronger increase in resistivity with m
than expected would be that the increasing thickness of the barrier material SnSe
leads to a reduction in the transmission of holes through SnSe. The transmission
through a tunneling barrier depends exponentially on the barrier thickness. For
less transmitting barriers, interface scattering is enhanced in the NbSe2 layer and
additionally localization of charge carriers becomes feasible.
The temperature dependence of the resistivity
Figure 6.15 shows the temperature dependence of the resistivity of the ferecrystals
[(SnSe)1+δ]m[NbSe2]1 normalized to their values at T = 295K. The error bars are
smaller than the symbol sizes and only include the errors due to the linear fits of the
I-V -curves, because errors due to contact size and thickness measurements should
not play a role for the resistivity. The temperature dependence of the resistivity
systematically changes with increasing m from a metal-like behavior for m = 1 to
a non-metallic temperature dependence for m = 6. Surprisingly, the temperature-
dependence of sample m = 2 is very similar to the temperature-dependence of
sample m = 3 (Fig. B.11). For m ≤ 2 there is an increase in resistivity with de-
creasing temperature below T ≈ 100K. This effect becomes stronger and starts at
higher temperatures with increasing m. This is also reflected in the RRR which is
displayed in Fig. 6.16a. To obtain the Debye temperature θD, fits using the Bloch-
Grüneisen equation for metals, Eq. (2.6) were carried out for samples m = 1 − 3
for T ≥ 20K. The fits are shown in Figs. 6.11 and B.10-B.13. The results for θD
are given in Fig. 6.16b. There is a deviation between the fit and the measurement
data, which increases with increasing m. For samples m = 4 − 6 the deviation
from metallic temperature dependence is too strong to obtain an appropriate fit to
the Bloch-Grüneisen equation. The Bloch-Grüneisen fit is suitable for metals, for
which the carrier density is assumed to be constant with temperature. However,
due to the stacking of metallic NbSe2 with semiconducting SnSe in the ferecrys-
tals, the carrier density might become temperature-dependent, as suggested, e. g.
by a single-band analysis of the Hall coefficient in Fig. 6.18. The values of θD
obtained for the ferecrystals are similar to θD ≈ 200K reported for MLCs con-
taining NbSe2 [38]. Within the error θD for the ferecrystals does not change with
m and is only slightly higher than θD of NbSe2 single crystals and is similar as
for typical MLCs [38]. The temperature dependencies of the resistivity reported
for bulk NbSe2 single-crystals [60] and for 2-3 layers of NbSe2 [10] are shown in
Figs. 6.11 and 6.15. Similar to the temperature-dependence of the NbSe2 single-
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Figure 6.15: Normalized van der Pauw resistivity ρ for temperatures between 1.4K
and 300K of [(SnSe)1+δ]m[NbSe2]1 ferecrystals normalized to rt resistivity ρ295K
and data reported for isolated 2-3 monolayer thick NbSe2 sheets [10].
crystal and 2-3 layers, the ferecrystals m = 1 show a slight deviation from a linear
temperature dependence of ρ between 100K ≤ T ≤ 300K (Fig. B.10, 6.15). An
upturn in resistivity with decreasing temperature is not typical for metals. A well-
known effect leading to an increasing resistance with decreasing temperature is the
Kondo effect [206], which is due to magnetic impurities in a metal. However, the
EDXS analysis of ferecrystals of the same batch revealed no magnetic impurities.
Similar results for the temperature dependence of the resistivity were obtained
at the University of Oregon [32]. Therefore, the Kondo-effect seems unlikely to
cause the temperature-dependence of the resistivity of the ferecrystals. Further
temperature-dependent scattering mechanisms could be present in these ferecrys-
tals, for example, due to disorder in the material, as discussed e. g. in [147, 207].
The ferecrystals, do not only show turbostratic disorder, but also a small in-plane
grain size of about 5 nm to 50 nm, increasing the disorder compared to MLCs. A
further explanation for the upturn in resistivity with decreasing T would be the
opening of an energy gap due to a CDW transition. The highest temperatures at
which this upturn in resistivity starts is similar to the CDW transition tempera-
ture of bulk NbSe2. A small anomaly in the slope of the temperature-dependent
resistivity at the CDW transition temperature is also observed for bulk NbSe2
[1, 10, 50, 52, 53, 105]. A further explanation for the upturn in resistivity with
decreasing temperature would be a freeze-out of charge carriers in SnSe, which is
a semiconductor. However, no reports on the resistivity of SnSe for temperatures
below 40K have been found for comparison.
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Figure 6.16: a) Residual resistivity ratios , b) Debye temperature θD for
[(SnSe)1+δ]m[NbSe2]1 ferecrystals and for a NbSe2 single crystal where the
temperature-dependence of ρ is reported in [60].
The Hall coefficients at constant temperature
The Hall coefficients measured for the ferecrystals are positive at all temperatures.
A positive Hall coefficient between T = 60K to 300K has also been reported for
NbSe2 single-crystals [1, 52, 53, 60] and for the MLC (SnSe)1.16NbSe2 [35]. Bulk
SnSe is also reported to be p-type [124–126, 128].
The carrier density p has been calculated using a single-band model, i. e. p =
1/(e·RH). The results obtained for different numbersm of SnSe layers in the repeat
unit at T = 4K and T = 260K are shown in Fig. 6.17. The error bars shown in
Fig. 6.17 include the errors of the linear fit of VH(B), the error due to thickness
measurement and the error due to the contact sizes, as described in Sect. 4.3.2.
As expected, the charge carrier density of the ferecrystals [(SnSe)1+δ]m[NbSe2]1
decreases with increasing m.
In the following, the dependence of the carrier density p on m will be compared
to the simple parallel resistors model, described in Sect. 5.8.1 according to which all
charge carriers contributing to transport are assumed to be located in the NbSe2
layers. For bulk NbSe2 single-crystals a rt carrier density of about 1.3× 1022 cm−3
can be calculated from the Hall coefficients measured within the layer planes, re-
ported in [60] and [52]. The Hall measurements of SnSe single crystals reported in
[124] were carried out within the layer plane of SnSe (similar as in the ferecrystals)
and showed p = 3× 1017 −2× 1018 cm−3 at rt. The carrier density in SnSe can
therefore be assumed to be at least about 3-4 orders of magnitudes lower than in
NbSe2. Therefore, the assumption that all charge carriers in the ferecrystals are
located in the NbSe2 layers, seems to be justified as a first approximation. Using
this parallel resistors model the total carrier density p expected for ferecrystals
with the stacking sequence (m,n) is given by Eq. (5.6) with tPbSe replaced by tSnSe
and with p(m = 1, n = 1) obtained from sample m = 1(A). The carrier densities
expected according to this model are plotted in Fig. 6.17 as a function of m. The
error boundaries for the expected values are determined from the error boundaries
107
6 Structural and electrical properties of ferecrystals [(SnSe)1+δ]m[NbSe2]1










































Figure 6.17: Charge carrier density p of [(SnSe)1+δ]m[NbSe2]1 ferecrystals (sam-
ples A and B) calculated using a single-band model. Predicted values were
calculated using a parallel resistors model, Eq. (5.6). a) T = 4.2K with ref-
erence value for NbSe2 from [52] and b) at T = 260K with reference value
for NbSe2 from [60]. The dashed lines indicate the error boundaries of the
predicted values.
of the carrier density value for sample m = 1. A comparison of the measured data
with the values predicted by the parallel resistors model shows that for T = 260K
the carrier density decreases more strongly with m than expected from the model.
This would also explain a stronger increase in the resistivity with m than expected
from the parallel resistors model (Fig. 6.14).
The temperature dependence of the Hall coefficients
In Fig. 6.12 the temperature dependence of the Hall coefficient RH of the ferecrys-
tals is compared to RH of a NbSe2 single crystal, reported in [60]. All ferecrystal
samples show positive Hall coefficients. Bulk NbSe2 with a high residual resistance
ratio (RRR > 27) is known to show a positive Hall coefficient for temperatures
down to about 30K to 60K and a drop in the Hall coefficient below about 30K
to 60K with a change in sign of RH [1, 52, 54, 60]. Such a change in the sign
of the Hall coefficient has been proposed to be accompanied by a charge density
wave (CDW) transition at this temperature [1, 52, 54, 55, 57]. For NbSe2 single
crystals with a low RRR, no such change in the sign of the Hall coefficient is ob-
served down to 7K, where it becomes superconducting [52, 53, 55, 56]. A change
in the sign of the Hall coefficient is not observed in the ferecrystals either. The
Hall coefficient of the ferecrystals remains positive throughout the measured tem-
perature range 4K ≤ T ≤ 300K. However, for m > 1 the Hall coefficient shows
an upturn with decreasing T below T ≈ 40K to 60K, which is near the CDW
transition temperature of bulk NbSe2. The upturn in RH would mean a decrease
in the carrier density with decreasing T , as shown in Fig. 6.18. Such a decrease
in carrier density would be consistent with the localization of charge carriers and
the opening of an energy gap during the CDW transition.
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Figure 6.18: a) Temperature-dependent charge carrier density of
[(SnSe)1+δ]m[NbSe2]1 (samples A) calculated using a single-band model.
The lines are guides to the eye. b) Charge carrier mobility (samples A) in
a single-band model of [(SnSe)1+δ]m[NbSe2]1 ferecrystals plotted in double
logarithmic scale. The lines are guides to the eye. The red lines indicate linear
fits for m = 1 and m = 6. An additional temperature-independent error of
39% estimated from [150] is caused by the size of the contacts for both figures.
The temperature-dependent carrier density p, shown in Fig. 6.18a has been cal-
culated assuming a single-band model, p = 1/(e ·RH). The carrier density changes
with temperature, which is untypical for metals, for which a constant carrier den-
sity would be expected. However, p changes only by a factor of about 1.5 in the
temperature range between 4K and 300K. For sample m = 1 the single-band
carrier density p decreases with decreasing temperature. A decrease in p with
decreasing temperature could be explained by a freeze-out of charge carriers as
binary SnSe is a semiconductor with an exponential decrease of carrier density
with decreasing temperature reported for temperatures between T = 200 −300K
[125–127]. For samples m = 2− 6 p increases with decreasing temperature above
a certain temperature Tp,max(m). An increase in p with decreasing temperatures
is unusual for metals as well as semiconductors and might be an effect of using the
single-band model. A two-layer model will therefore be discussed in Sect. 6.8.2.
Below Tp,max(m), p decreases with decreasing T . This would be consistent with a
localization of charge carriers. Tp,max decreases with decreasing m.
The charge carrier mobility µ, displayed in Fig. 6.18b, has also been calculated
using a single band model, i. e. µ = RH/ρ. The error bars shown here include
the error due to the I-V -curve fit and the fit of VH(B). Due to the large error
in mobility the absolute values of µ overlap within the errors. However, the tem-
perature dependence of µ is assumed to be independent of the contact size. For a
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Table 6.3: Exponents α for a temperature dependence µ ∝ Tα determined from
the mobility µ calculated from the Hall coefficient and resistivity using a single-
band model.
m α Temperature range for linear fit
1 -0.506(3) 100K - 300K
6 0.324(4) 140K -300K
metal with a temperature-independent carrier density, µ ∝ T−1 would be expected
for temperatures above the Debye temperature and a temperature-independent µ
would be expected for low temperatures. For a semiconductor a temperature de-
pendence of µ ∝ T−3/2 (due to electron-phonon scattering) would be expected at
higher temperatures and µ ∝ T 3/2 (due to scattering at ionized impurities) at low
temperatures. For the ferecrystals none of these behaviors is observed. For the
ferecrystals the exponent α in µ ∝ Tα has been determined for m = 1 and m = 6
and is displayed in Table 6.3. There is a striking difference in the temperature
dependence of µ between the samples m = 1 and m > 1. For sample m = 1
the mobility decreases with increasing T , which could be due to electron-phonon
scattering superposed with another scattering effect which causes the mobility to
increase with T , e. g. scattering at ionized impurities. For m = 4 − 6 there is an
increase in µ with increasing temperatures above about Tp,max which might again
be an artifact due to using the single-band model or due to a scattering effect
which causes µ to increase with T , such as ionized impurity scattering. Another
contribution causing the mobility to increase with increasing T could be from the
SnSe layers possibly acting as tunneling barriers. Hence, the with increasing T
the charge carriers might have a higher probability to be in the SnSe layers, where
the mobility is higher than in NbSe2. This might cause µ to increase with T .
The transmission through a tunneling barrier depends exponentially on the bar-
rier thickness, determined by m. For the sample m = 1 the barrier is smallest and
the charge carriers might overcome this barrier already at very low temperatures
T < 15K. For m = 4− 6 the tunneling probability might increase with increasing
temperatures, because the barrier is thicker.
However, it is also possible that the single-band model assumption made for
the calculation of µ is not valid and that more than one type of charge carrier
contributes to transport. In spite of the carrier densities differing by 3-4 orders
of magnitude for bulk NbSe2 and SnSe, the two types of charge carriers can both
contribute significantly to the electrical transport if the difference in the charge
carrier mobilities is large enough. A non-zero magnetoresistance measured in
sample m = 6 at low temperatures supports this possibility and is discussed using
a two-band model in Sect. 6.8.2.
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Figure 6.19: Schematic of the two-layer model assumed for the
[(SnSe)1+δ]m[NbSe2]1 ferecrystals.
6.8.2 Discussion of magnetoresistance and analysis in a two-layer
model
The occurrence of a magnetoresistance effect in the ferecrystals indicates that the
simple Drude-Sommerfeld single-band model does not apply at low temperatures.
The measured magnetoresistance decreases with increasing temperatures and al-
most vanishes at T ≥ 10K for m = 6. The single-band model might therefore
still be applicable for higher temperatures. A magnetoresistance effect in the fere-
crystals can have several reasons, as described in Sect. 2.3. One obvious reason
for a magnetoresistance effect in ferecrystals could be that several types of charge
carriers contribute to the electrical transport (Sect. 2.3.3). Since the ferecrystals
consist of two different types of layers, a two-layer model is assumed in which one
type of carrier is located in the SnSe layers and the other type of carrier is located
in the NbSe2 layers. Both layer types are assumed as independent parallel conduc-
tors (Fig. 6.19). The parameters of the NbSe2 layers will be denoted with index 1
and the parameters of the SnSe layers will be denoted with index 2. To obtain the
charge carrier densities n1, n2 and the mobility values µ1 and µ2 in the NbSe2 and
SnSe layers in the two-layer model, Eqs. (2.17)-(2.19) can been used. The layer
thicknesses were determined by SAED of the [(SnSe)1+δ]m[NbSe2]1 samples and
are t1 = r·tNbSe2 = r·0.67(2) nm and t2 = r·m·tSnSe = r·m·0.579(5)nm. The num-
ber r of the repeat units contained in the sample cancels in Eqs. (2.17)-(2.19). Fur-
thermore, Eqs. (2.17)-(2.19) require the resistivity and the Hall coefficient, which
have been measured at the same temperatures as the magnetoresistance and are
given in Tables B.9 and B.10.
Since RH was determined from a linear range of VH(B) close to B = 0, Eq. (2.18)
can be simplified:






The system of Eqs. (6.1) and (2.17) has then been solved for the mobility µ2 and
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the charge carrier density n2:
n2 =
q2(t1 + t2 − |q1|n1t1ρµ1)2
|q1|2t2(RH(t1 + t2)− q1n1t1ρ2µ21)
(6.2)
µ2 =
|q1|(RH(t1 + t2)− q1n1t1ρ2µ21)
q2ρ(t1 + t2 − |q1|nρt1µ1)
(6.3)
These two expressions for n2 and µ2 are substituted into equation Eq. (2.19) to
obtain the magnetoresistance MR as a function of B, n1, µ1, q1 and q2. For the
signs of q1 and q2 there are only 3 possible cases:
• Case 1: n-type NbSe2 layers, p-type SnSe layers.
• Case 2: p-type NbSe2 layers, n-type SnSe layers.
• Case 3: both layers p-type.
The possibility that both layers are n-type (q1 and q2 both negative) can be
excluded, because the total measured Hall coefficient is positive (Eq. 6.1). The
function for MR(B) has been fitted to the data for each of the 3 possible cases
individually. The fit function MR(B) then contains only n1 and µ1 as fit parame-
ters. A MATLAB program was used to perform a least squares fit for MR(B) with
n1 and µ1 as fit parameters and is shown in the appendix (B.18 and B.18). Case 3,
where both layers are p-type, seems most probable, because the binary materials
NbSe2 with low RRR and SnSe are both reported as p-type [52, 54, 60, 124–
126, 128, 129]. An electron transfer from the SnSe layers to the NbSe2 layers,
as suggested in [23], would also lead to the SnSe and NbSe2 layers both being
p-type. However, no fit solution was found for case 3, which fulfills the system
of Eqs. (2.17)-(2.19) for any of the temperatures and for m = 2 and 6. However,
there are fit solutions for case 1 and 2. MR(B) fitted to the data assuming case
1 and 2 leads to two different fit solutions for each case. These two solutions for
case 1 and 2 are listed in Table 6.4 for m = 6 and T = 4K.
As can bee seen in Fig. 6.13, the least-square fit curves match the measured
data well. The least-squares fit function obtained for case 1 and 2 both fit the
measured data similarly well. The errors of the fit parameters have been calcu-
lated considering the 95% confidence intervals of the nonlinear least squares fit of
MR(B) (using the MATLAB program shown in Sect. B.18) as well as the errors
resulting from the resistivity, the Hall coefficient and the resolution of the voltage
measurement during the magnetoresistance measurement. The error boundaries
of the fit results due to the errors in ρ and RH and the voltage measurement were
estimated by varying results of the voltages, ρ and RH between the upper and
lower error boundaries (given in Tables B.9 and B.10) and by determining the
upper and lower total error boundaries of the fit parameters from the variation of
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Table 6.4: Fit solutions for T = 4.00(5)K for [(SnSe)1+δ]m[NbSe2]1 with m = 6.
For case 1 the NbSe2 layers are assumed to be n-type and the SnSe layers
p-type. For case 2 the NbSe2 layers are assumed p-type and the SnSe layers
n-type.








































all error sources. The errors due to thickness measurement and contact size have
been included in the resistivity and Hall coefficient errors.
The fit results for the carrier density n1 (n2) of solution 1 of case 1 differ by a
factor of m from the respective carrier densities n2 (n1) of solution 2 case 2, as
shown in Table 6.4. This reflects the equivalence of these two solutions: for case 1
the electrons are assumed to be in the thinner NbSe2 layer and for case 2 they are
assumed to be in the m times ticker SnSe layer. The electron and hole mobility
values of these two solutions have similar values, since the mobility is unaffected
by the thickness in this model. Similarly, solution 2 of case 1 and solution 1 of
case 2 differ by a factor of m in their carrier densities and show similar mobility
values. Solution 1 of case 1 and solution 1 of case 2 only differ in the signs of
the charge carriers for layer 1 and 2, which are unknown. For each of the four
solutions shown in Table 6.4, one of the two layers is more semiconductor-like
with a low carrier concentration and a high carrier mobility and the other layer is
more metal-like with a 3-4 orders of magnitude higher carrier concentration and a
lower mobility. The most probable solutions are solution 1 of case 1 and solution
1 of case 2, because NbSe2 is more metal-like and SnSe is more semiconductor-
like, similar as in the bulk compounds [52, 60, 124–127]. Then, the only unknown
parameter is the sign of the charge carriers. It is not immediately obvious which
of the two layers is p-type or n-type. As bulk materials both are reported as p-
type and a charge transfer model for ferecrystals, as described in Sect. 2.2.3 would
also result in p-type layers. However, NbSe2 as an isolated monolayer has been
reported as n-type [8] and bulk NbSe2 has been reported to change sign of the
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Figure 6.20: Charge carrier densities for a) NbSe2 and b) SnSe obtained from a fit
of the two-layer model to MR(B) of samples [(SnSe)1+δ]m[NbSe2]1 with m = 2
and m = 6 for case 1, solution 1 of Table 6.4.
charge carriers from positive to negative with decreasing temperatures for samples
with a high RRR [52, 54, 60], whereas SnSe is only reported as p-type. In addition,
the rt Seebeck coefficient of NbSe2 has been reported as n-type [103]. Therefore,
solution 1 of case 1 with n-type NbSe2 and p-type SnSe layers seems to be the
most probable one among the four solutions shown in Table 6.4.
A similar solution structure with 4 solutions has been obtained for the other
temperatures and for sample m = 2. The fitted curves for MR(B) of m = 6 and
m = 2 are shown in Figs. 6.13 and B.17. The temperature-dependencies of the fit
parameters obtained for solution 1 of case 1 (NbSe2 is n-type and SnSe is p-type)
are shown in Figs. 6.20 and 6.21 for m = 2 and m = 6. Similar as for the results
shown in Table 6.4, the error bars shown in Figs. 6.20 and 6.21 were calculated
using the error of the fit of MR(B) and the errors estimated from the errors of ρ,
RH and the measurement resolution of the lock-in amplifier.
The carrier density of about n = (0.045−1.8)×1021 cm−3 at T = 10K attributed
to the NbSe2 layers is about 1-2 orders of magnitude lower than the in-plane carrier
density values reported for bulk NbSe2 at T = 10K (n ≈ 2.4× 1022 cm−3 [52] and
p ≈ 1.1× 1022 cm−3 [60]). A similarly low carrier density has been reported for an
isolated NbSe2 monolayer, which has been reported to show n-type conductivity
with a carrier density 2 orders of magnitude lower than the bulk material [8].
The mobility value of µ = 15(11) cm2/Vs for the charge carriers in the NbSe2
layers of m = 6 at T = 10K is comparable to the in-plane value reported for bulk
NbSe2 single crystals at T = 10K (µ = 100 cm2/Vs[60]). Similarly, the mobility
value for the monolayer of NbSe2 at rt was also reported to be comparable to the
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Figure 6.21: Mobility values of SnSe and NbSe2 obtained from a fit of the two-layer
model to MR(B) of sample [(SnSe)1+δ]m[NbSe2]1 with m = 2 and m = 6, for
case 1, solution 1 of Table 6.4. The lines are fits of µ ∝ Tα, where α is the fit
parameter.
bulk value [8]. A reason for a slightly lower mobility in the ferecrystals compared to
the values reported for bulk NbSe2 single crystals could be the polycrystallinity of
the ferecrystals and scattering at the interfaces between the NbSe2 and SnSe layers.
These results indicate that the electrical properties of the NbSe2 layers in the
ferecrystals are comparable to those reported in [8] for isolated NbSe2 monolayers.
The second layer with the lower carrier density and the higher mobility has been
assigned to SnSe. No reports for the carrier density in bulk or thin film SnSe at
T = 10K have been found. For T = 77K a hole density p = 0.3× 1016 cm−3
to 2× 1018 cm−3 [124] has been reported for bulk SnSe averaged over the [0 1 0]
and [1 0 0] in-plane directions of SnSe. These carrier densities are similar to those
obtained using the two-layer model for the ferecrystals, where p ≈ 1016 cm−3 at
T = 10K. Mobility values of µ = (500−7000) cm2/Vs at T = 77K [124] have been
reported for bulk SnSe single crystals averaged over the [0 1 0] and [1 0 0] in-plane
direction. The mobility value of µ = (1070 − 6350) cm2/Vs obtained for SnSe in
sample m = 6 at T = 10K falls within this range of values reported for binary
SnSe. SnSe and NbSe2 in the ferecrystals are polycrystalline with a small grain
size and therefore lower mobility values would be expected than those reported
for bulk SnSe. However, a channeling effect due to scattering at the interfaces
between SnSe and NbSe2 might also lead to increased mobility values.
Figure 6.20a shows that the carrier density of the layer type assigned to NbSe2
form = 6 increases by about one order of magnitude from n1 = 0.34(3)× 1020 cm−3
at T = 1.4K to 8(4)× 1020 cm−3 at T = 10K and similarly for m = 2. This dif-
fers from a constant carrier density expected for a typical metal and suggests
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that the NbSe2 layers in the ferecrystals are semimetallic, provided the two-layer
model assumptions are correct. The isolated NbSe2 monolayers reported in [8]
are also reported to be semimetallic. This is also supported by density functional
theory calculations reported in [15], which showed that a single isolated NbSe2
monolayer becomes a semimetal in the charge density wave (CDW) state, whereas
bulk NbSe2 maintains metallic properties in the CDW state, which sets in at low
temperatures. Therefore, the observations in the ferecrystals could result from a
CDW in the NbSe2 layers.
For the second layer type, assigned to SnSe, the carrier density n2 is constant
in temperature within measurement error, as shown in Fig. 6.20b. The mobility
of the SnSe layers, shown in Fig. 6.21, decreases with increasing temperature for
both layer types, and has been fitted with a µ ∝ Tα−dependence. The exponents
α = −0.8(3) to −0.9(1) for the SnSe layers and α = −1.7(1) to −3.1(1) for the
NbSe2 layers are not typical for semiconductors, for which roughly α ≈ +1.5 would
be expected at low temperatures and α ≈ −1.5 at higher temperatures.
In conclusion, the two-layer model analysis shows that the dependence of the
magnetoresistance on the magnetic field MR(B) can be explained using a two-
layer model for the resistivity, Hall coefficient and magnetoresistance. The values
obtained for the carrier density and mobility in each of the two layers are compa-
rable to values reported for single isolated NbSe2 monolayers and bulk SnSe if the
assumption is made that NbSe2 is the layer with the higher carrier density and
that the signs of the charge carriers differ in the two layers.
However, it could also be possible that the band structure of the ferecrystals dif-
fers considerably from the rigid band model and is not only a superposition of the
band structures of the individual materials SnSe and NbSe2, making a simple two-
layer model invalid. In [87] it has been suggested that a metal cross-substitution
(Sect. 2.2) is the reason for stability in the MLCs. Such a non-stoichiometry can-
not be excluded for the ferecrystals either and would lead to doped SnSe lay-
ers. A higher spatial resolution of EDXS or HAADF-STEM than used in this
study would be required to clarify this. However, since the band structure of the
[(SnSe)1+δ]m[NbSe2]1 ferecrystals or similar misfit layer compounds is not known
so far, the two-band model is a first approximation to explain the observed mag-
netoresistance effects.
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6.9 Superconductivity in [(SnSe)1+δ]m[NbSe2]1 ferecrystals
The resistivity of the ferecrystals [(SnSe)1+δ]m[NbSe2]1 with m = 1, 3, 4 and 6 has
been measured down to temperatures of T = 300mK and is shown in Fig. 6.22.
These resistivity measurements were performed using the van der Pauw method
with I-V -curves using direct currents of up to 2 µA for m = 1 and 3 and cur-
rents up to 0.3 µA for m = 6. For currents higher than 0.3 µA the I-V -curves
of sample m = 6 started to become non-linear near Tc. The critical current for
m = 6 at T = 0.62K has been determined as Ic = 18 µA (Fig. B.22). Addi-
tionally, temperature-dependent resistance measurements using a lock-in ampli-
fier were performed and are shown in Fig. B.23. The transition temperatures for
each stacking sequence are identical within the measurement uncertainty for both
measurement techniques (Van der Pauw and lock-in) and for samples A and B.
This shows that the normal-to-superconducting transition temperature is not in-
fluenced by local sample defects which have led to differences in the resistivity
values between samples A and B.
The transition temperature to superconductivity Tc has been defined as the



























































Figure 6.22: a) Schematic structures of the ferecrystal samples
[(SnSe)1+δ]m[NbSe2]1 with m = 1 and m = 6. The distance s between
the centers of the superconducting NbSe2 layers is s = 1.25(5) nm for m = 1
and s = 4.14(7)nm for m = 6. b) Temperature-dependent van der Pauw resis-
tivity ρ at zero magnetic field of [(SnSe)1+δ]m[NbSe2]1 ferecrystals normalized
to rt resistivity. Samples A and B indicate the clover and the cross-shaped
samples. Lines are guides to the eye.
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ρn is the residual resistivity, which is indicated in Fig. 6.22b. The transition width
∆T has been determined as the difference between the temperatures at which
ρ = 0.9ρn and ρ = 0.1ρn. The resulting values for Tc and ∆T determined from
Figs. 6.22 and B.23 are plotted as a function of m in Fig. 6.25 and are given in
TableB.11. The resistance of sample m = 2 has been measured within the Bach-
elor thesis of G.Hoffmann [203] down to temperatures of T = 1.32K, at which
the resistance of the sample dropped to a half of the normal state resistance. It is
expected that the resistance of this sample also drops to zero for lower tempera-
tures. The resistances of the sample m = 5 has only been measured down to T =
1.4K and no signs for a superconducting transition have been observed down to
this temperature. The transition temperature for samples m = 1 − 4 and m = 6
decreases systematically with increasing m.
In order to determine the in-plane and cross-plane coherence lengths of the
ferecrystals and to observe a possible 3D to 2D cross-over in temperature, the
in-plane resistance was measured for magnetic fields applied perpendicularly and
parallel to the ferecrystal layers. The measurements were performed in one of
the van der Pauw resistivity measurement configurations using a lock-in amplifier
with an alternating current of 50nA, as described in Sect. 4.5. Exemplary results
of the R(H) are shown in Fig. 6.23. For clarity not all of the measured curves are
shown here. More data is shown in Figs. B.24 and B.25. The critical magnetic
fields decrease systematically with increasing temperature for m = 1 and m = 6
for perpendicular and parallel magnetic fields. The parallel critical magnetic fields
Hc‖ are considerably higher than the perpendicular critical magnetic fields Hc⊥.
A hysteresis was observed between increasing and decreasing magnetic fields for
m = 6 with the critical field for an increasing magnetic field being lower than for
a decreasing magnetic field. This hysteresis effect was lower for sample m = 1.
The sweep rate of the magnetic field was 0.1T/min for both samples. Hysteresis
effect were avoided for the subsequent measurements in parallel fields and for the
measurements of sample m = 3 by keeping the magnetic fields constant until
the voltage measured at the sample has settled (within several minutes). The
resistance of sample m = 1 shows an unusual negative magnetoresistance effect
in the normal state with a decreasing resistance for increasing magnetic fields.
All samples were cross-shaped and have been measured in similar van der Pauw
resistance measurement configurations in which the current was applied between
two adjacent arms of the cross and the voltage was measured between the other
two contacts, as shown in Fig. 4.2. No such magnetoresistance effect has been
observed for m = 6.
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Figure 6.23: Magnetic field dependence of the resistance in a magnetic field per-
pendicular to the layers of [(SnSe)1+δ]m[NbSe2]1 ferecrystals with a) m = 1
(sample B) and b) m = 6 (sample B); c) in a magnetic field parallel to the
layers for m = 1 (sample B) and d) m = 6 (sample B). The sweep rate of the
magnetic field was 0.1T/min for a) and b) and for the measurements in c) and
d) static magnetic fields were applied. Lines are guides to the eye.
Angle-dependent critical magnetic field measurements were performed at sam-
ple [(SnSe)1+δ]m[NbSe2]1 with m = 1 at T = 1.60(1)K in a flow-cryostat with
magnetic fields of up to 0.66T. Angle θ has been defined as the angle between the
magnetic field and the ferecrystal layer plane. The result is shown in Fig. 6.24.
The values for the critical magnetic fields were defined as the magnetic field at
which the resistance is 50% of the normal resistance. Additionally, two values
measured in the 10-T-system in perpendicular (θ = 90°) and parallel (θ = 0°) crit-
ical magnetic field are also displayed. The error bars for the magnetic field were
estimated as 10mT from the voltage vs. magnetic field curves. The fits shown in
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Figure 6.24: Angle-dependent critical magnetic field measurements of
[(SnSe)1+δ]m[NbSe2]1 with m = 1 and 2D fit (Eq. (2.39), red dahed)
and 3D fit (Eq. (2.38), green solid). The blue line is a plot of the LD 3D
equation taking into account the lower value for θ = 0°. The insets show
details of the plot.
Fig. 6.24 will be discussed in Sect. 6.10.6.
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6.10 Discussion of superconductivity in
[(SnSe)1+δ]m[NbSe2]1 ferecrystals
6.10.1 The transition temperatures in comparison to NbSe2
The transition temperatures Tc to superconductivity are shown in Fig. 6.25 as a
function of m, the number of SnSe bilayers between two NbSe2 monolayers. The
transition temperatures reported for isolated NbSe2 monolayers [1], bi/trilayers
[10], MLCs and ferecrystals [(PbSe)1+δ]1[NbSe2]1 (this work) are also shown for
comparison. Experiments described in [1, 9, 10, 63] have shown that Tc of NbSe2
systematically decreases with decreasing sample thickness. In accordance with
this, the Tc values of the ferecrystals are much lower than those reported for bulk
2H-NbSe2 single crystals, for which Tc values of 7.0K [58, 61], 7.1K [62], 7.2K [83]
and 7.39K [59] have been reported. The Tc values measured for the ferecrystals
are similar to Tc ≈ 1.2K to 2.75K reported for 2-3 monolayers of NbSe2 [10] and
are lower than Tc reported for a single NbSe2 layer [1]. A possible reason for a
lower Tc of the ferecrystals in comparison to NbSe2 monolayers can be differences
in the density of states at the Fermi level, e. g. due to charge transfer from SnSe
to NbSe2 as described in Sect. 2.2.3, which can lead to changes in Tc according to
the BCS theory.
Sample [(SnSe)1+δ]m[NbSe2]1 with m = 1 contains a total number of about 36
NbSe2 layers. NbSe2 flakes consisting of only 9-16 monolayers, showed transition
temperatures of Tc ≈ 5.0K to 6.7K [9, 10]. Extrapolating the results of the
thickness dependence of Tc reported in [9, 10], a sample with the thickness of 36
NbSe2 layers would have a transition temperature close to Tc ≈ 7K, similar as bulk
NbSe2. The fact that Tc for the ferecrystals [(SnSe)1+δ]m[NbSe2]1 is much lower
than this value, suggests that the superconductivity in these ferecrystals is rather
determined by the single NbSe2 layers separated by SnSe and not by the total
thickness of all NbSe2 layers in the sample. One possible effect leading to a lower
Tc is the proximity effect, which describes the lowering of Tc of a superconductor,
which is in contact with a normal conductor [177]. However, the proximity effect is
higher for a superconductor-metal interface than for a superconductor-semimetal
interface [177, 197]. The analysis in a two-layer model has suggested that the
carrier density and mobility values of the SnSe layers are semiconductor-like and
the SnSe layers have a very low carrier density. Therefore, a strong decrease in
Tc due to the proximity effect appears unlikely for these SnSe-based ferecrystals.
The fact that Tc decreases with increasing m could be a result of a decrease in
coupling between the NbSe2 layers due to the increased NbSe2 layer separation.
However, the SnSe between the NbSe2 layers in the ferecrystals could also lead to
a decrease in Tc compared to isolated NbSe2 layers due to the proximity effect.
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Figure 6.25: Transition temperatures Tc of [(SnSe)1+δ]m[NbSe2]1 ferecrystals de-
termined as the temperatures at which ρ = 0.9ρn. Values for NbSe2 single
crystals are reported by Xi et al. [1] and Staley et al. [10]. Tc for misfit layer
compounds (MLCs) reported by Nader et al. [208] and Auriel et al. [40].
6.10.2 The transition temperatures in comparison to other misfit layer
compounds and ferecrystals
No reports on the transition temperatures of [(SnSe)1+δ]m[NbSe2]1 misfit layer
compounds (MLCs) have have been found. However, there are reports on tran-
sition temperatures of other MLCs containing single NbSe2 layers, as shown in
Fig. 6.25. For the MLC [(PbSe)1.10]1[NbSe2]1 Tc = 2.4K has been reported [40]
and for the MLC [(LaSe)1.14]1[NbSe2]1 Tc ≈ 1.4K has been reported [74, 208].
Measurements of the temperature-dependent critical magnetic field of the MLC
[(LaSe)1.14]1[NbSe2]1 revealed signatures of 2D-superconductivity [74, 208]. Typ-
ically, the NbSe2 layers in MLCs are single crystalline and not turbostratically
disordered. The Tc values of the [(SnSe)1+δ]m[NbSe2]1 ferecrystals are in between
the values reported for the MLC [(PbSe)1.10]1[NbSe2]1 and [(LaSe)1.14]1[NbSe2]1.
This suggests, that the polycrystallinity and turbostratic disorder do not influence
Tc drastically, or that the effect of SnSe instead of LaSe or PbSe cancels the effect
of the polycrystallinity or turbostratic disorder on Tc. As shown in Fig. 6.25, the
transition temperature of the [(PbSe)1+δ]1[NbSe2]1 ferecrystal is lower than Tc of
the [(SnSe)1+δ]1[NbSe2]1 sample. One possible explanation for this could be a
stronger proximity effect in the PbSe-based ferecrystals, which would lead to a
stronger decrease in Tc compared to the SnSe-based ferecrystals. The stronger
proximity effect might be explained by a higher density of states near the Fermi
level in the PbSe layers compared to the SnSe layers. This might either be a
consequence of bulk PbSe having a narrow band gap of 0.3 eV [65, 66], whereas
bulk SnSe has a wider band gap of 0.9 eV [67–69]. A different charge transfer
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mechanism between the MSe and NbSe2 layers for M= Pb or Sn could also result
in a different density of states at the Fermi level in the normal state and therefore
to a different Tc.
6.10.3 The transition width ∆T
The transition width ∆T obtained from the normal-to-superconducting transition
in resistivity has been determined as the temperature range between ρ = 0.9ρn
and ρ = 0.1ρn and are given in Table B.11. The transition widths ∆T for the
[(SnSe)1+δ]m[NbSe2]1 ferecrystals with m = 1, 3, 4, 6 ranges between 0.05K to
0.28K, which is 2% to 25% of Tc. These relative transition widths are similar
to values reported for the MLCs [(LaSe1+x)1[NbSe2]1 [74], where ∆T/Tc is about
5% and for an isolated NbSe2 monolayer, for which ∆T/Tc ≈ 9% has been re-
ported [1]. The relative transition widths for the ferecrystal are higher than for
bulk NbSe2 single crystals, for which ∆T/Tc = 1% has been reported [58]. Few-
layer NbSe2 flakes have been reported to show several steps in R(T ) during the
transition to superconductivity, which might be ascribed to either an inhomoge-
neous thickness or disorder in the stacking sequence [1, 9, 63]. As visible in the
resistance measurements along one van der Pauw measurement configuration in
Fig. B.23, for m = 1, 2, 3 and m = 4 kinks in R(T ) appear above the transition
temperature to superconductivity which are not present when averaging the resis-
tance measurements along all van der Pauw configurations, as done for the van der
Pauw measurement shown in Fig. 6.22. One possible reason for the kinks found
in the R(T ) curves of the ferecrystals near the transition temperatures could be
structural inhomogeneities in the samples, which are not present in the sample ar-
eas observed by HAADF-STEM in this study. Another explanation for the kinks
would be an influence of the indium contacts. The superconducting transition
temperature of indium, which was used for contacting the ferecrystal samples is
about Tc = 3.4K [200–202]. A possible proximity effect could cause the resistance
in the ferecrystals to decrease near the indium contacts when the indium becomes
superconducting. However, as visible in Figs. 5.26 and B.7, there is no kink in
the measured resistivity near the transition temperature of indium. Therefore,
the indium is not thought to play a major role for the superconductivity measure-
ments of the ferecrystals due to the applied four-terminal sensing measurement
technique. Further measurements with different contacting materials, e. g. gold
would be necessary to confirm this.
6.10.4 The dependence of the transition temperature on m
The measured decrease in transition temperature with increasing m suggests that
Tc is not only influenced by the reduced thickness of the NbSe2 layers, but also
by the stacking sequence of the SnSe and the NbSe2 layers. Binary SnSe does
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usually not become superconducting at normal pressure [130]. However, a possi-
ble increased chemical pressure due to the layering in the ferecrystals or a charge
transfer between the SnSe and NbSe2 layers could lead to different electron den-
sities of states at the Fermi energy for different m. According to the BCS the-
ory, Tc increases with increasing density of states at the Fermi level [75]. The
proximity effect could then lead to a decreased Tc with increasing m in ferecrys-
tals. As an example, intercalation of organic molecules between NbSe2 layers has
shown a similar effect of Tc decreasing to below Tc ≤ (0.35-3)K for intercalation
with different organic molecules of thickness of about 1nm [106]. Intercalation of
semimetallic TiSe2 layers between stacks of six NbSe2 monolayers in ferecrystals
has been reported to lead to a decrease in transition temperature from Tc = 4.4K
to Tc = 2.6K as the thickness of the TiSe2 layers is increased [157]. A final ex-
planation for these effects has not been reported so far. A similar effect could
be present in the [(SnSe)1+δ]m[NbSe2]1 ferecrystals. A decrease in interlayer cou-
pling between the NbSe2 layers for increasing the distance between the NbSe2
layers appears conceivable. Therefore, in the following the dependence of the
Ginzburg-Landau coherence lengths obtained from the temperature dependence
of the critical magnetic fields of the samples will be discussed.
6.10.5 The temperature dependence of the critical magnetic fields
In order to obtain the in-plane and cross-plane coherence lengths ξab and ξc, the
critical magnetic fields are plotted against the reduced temperature t = T/Tc as
shown in Fig. 6.26 for m = 1 and m = 6 and in Fig. B.26 for m = 3. The critical
magnetic fields Hc‖ and Hc⊥ denote the critical magnetic fields for an orientation
of the magnetic field parallel and perpendicular to the ferecrystal layers, respec-
tively. The values for the critical magnetic fields were defined as the magnetic field
at which the resistance is 50% of the maximum resistance measured in normal
state near Tc. The error bars for the critical magnetic fields were defined to include
the values obtained for the increasing and the decreasing magnetic fields. Because
of the hysteresis effect observed in sample m = 6, the error bars for Hc⊥ of this
sample are larger than for m = 1. According to the anisotropic Ginzburg-Landau
theory, a linear relationship between the upper critical perpendicular magnetic
field Hc2⊥ and the temperature is expected near Tc, for a 2D as well as a 3D
superconductor, Eq. (2.34). Since NbSe2 is a type-II superconductor, the ferecrys-
tals are also expected to be type-II superconductors and the measured critical
magnetic fields Hc⊥ and Hc‖ are assumed to be the upper critical magnetic fields
Hc2⊥ and Hc2‖ of the ferecrystals. The solid and dashed lines shown in Fig. 6.26
indicate the estimated boundaries for linear fits of Hc⊥(t) and Hc‖(t) (Eqs. (2.34)
and (2.35)) near t = 1. From the slopes of these boundaries, the boundaries for
ξab(0) and ξc(0) are calculated using Eqs. (2.34) and (2.35). The results for ξab(0)
and ξc(0) and the respective error ranges are given in Table 6.5 for m = 1, 3 and
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Figure 6.26: Critical magnetic field a) perpendicular and b) parallel to the layers
of the [(SnSe)1+δ]m[NbSe2]1 ferecrystals. The solid and dashed lines indicate
the boundaries for linear fits of Hc⊥(t) and Hc‖(t), Eqs. (2.34) and (2.35) near
t = 1. The transition temperature Tc,0.5 has been determined at ρ = 0.5ρn.
6. They are a first approximation, since only few data points have been measured
for Hc⊥(T ) and for m = 6 large error bars are present due to the hysteresis ef-
fect. More measurements in the vicinity of Tc at static magnetic fields would be
necessary to obtain more precise values for ξab and ξc.
The obtained values for ξab range between 11(3) nm and 23 nm. To estimate
whether these values for ξab indicate a clean or a dirty limit, the carrier mean free
paths l have been calculated using equation Eq. (2.10). For samples m = 1 and
m = 3 the normal state carrier density obtained by the Hall measurements, calcu-
lated using the single-band model, has been used. For m = 6 the carrier density
obtained from the two-layer model has been used. The temperature dependencies
of the mean free paths l for the three samples are plotted in Fig. B.27. From these
graphs the values of l extrapolated to low temperatures were estimated and are
given in Table 6.5. This is only a rough estimation for the mean free paths, be-
cause Eq. (2.10) holds for quasi-free electrons in metals with a single band which
might not be appropriate for ferecrystals, especially for sample m = 6, in which
NbSe2 shows a semi-metallic temperature dependence of the carrier density at low
temperatures. The calculated mean free paths are lower than the BCS coherence
lengths ξab(0) by about two orders of magnitude for all 3 samples. Therefore,
the samples are assumed to be in the dirty limit and the in-plane BCS-coherence
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Table 6.5: In-plane coherence length ξab, in-plane mean free path l, in-plane BCS-
coherence length ξ0‖, cross-plane coherence length ξc, repeat unit distance s
determined by TEM, normal resistivity ρn and Tc of [(SnSe)1+δ]m[NbSe2]1 fere-
crystals, determined at ρ = 0.9ρn.
m ξab(0) l ξ0‖ ξc(0) Repeat unit ρn Tc
(nm) (nm) (nm) (nm) distance s (nm) (µWm) (K)
1 18(5) ≈ 1.2 ≈ 356 1.3(8) 1.25(5) 4.7(3) 1.9(1)
3 14(1) ≈ 1.7 ≈ 146 not meas. 2.37(1) 5.3(3) 1.49(6)
6 11(3) ≈ 0.6 ≈ 258 4(3) 4.14(7) 35(2) 0.82(4)
length ξ0‖ is derived from Eq. (2.27) and is also given in Table 6.5.
A 3D to 2D crossover or 2D behavior could not be identified from the measured
data of the temperature-dependent parallel critical magnetic fields. A 3D to 2D
crossover is either not present in these ferecrystal samples or the distance in tem-
perature between the measurement points does not allow for an identification of
the 3D to 2D crossover effect. For a 2D superconductor a strong upturn in Hc‖(t)
would be expected with µ0Hc‖(t) ∝ (1− t)1/2 (Eq. (2.36)) below a crossover tem-
perature T ∗, as e. g. reported in [73, 77, 78], which is not observed in Fig. 6.26b.
An estimation of an upper boundary for a possible T ∗ from the measured data is
given in the Appendix (Fig. B.29). The values of ξc obtained for the ferecrystals
are 1.3(8)nm for m = 1 and 4(3) nm for m = 3. These values are similar to the
distances s between the superconducting NbSe2 layers for each sample. This in-
dicates that along the stacking direction the superconducting order parameter ψ
is limited by the repeat unit distance s. This would mean that two NbSe2 layers
are coupled across one SnSe layer, but not across three or more repeat units. For
m > 6 larger distances between superconducting layers are present, which might
lead to a loss of coherence along the cross-plane direction and to a 3D to 2D
transition with increasing m. In Table 6.6 the coherence lengths obtained for the
ferecrystals are compared to reported coherence lengths for single-crystalline 2H-
NbSe2 and several MLCs. The coherence lengths for the MLCs listed in Table 6.6
and for NbSe2 reported in [209] have been determined from the slopes of Hc‖ and
Hc⊥, which were also determined from resistance measurements. None of these
reported materials fulfills the condition ξc < s/
√
2 for 2D behavior. However,
the ferecrystals are closest to this condition. For NbSe2 the cross-plane coherence
length ξc is about 8.8 times higher than s/
√
2. For the MLC [(LaSe)1.14]1[NbSe2]2
it is at least 3.2 times higher than s/
√
2. For the ferecrystals [(SnSe)1+δ]m[NbSe2]1
with m = 1 and m = 6 ξc is about 1.4(7) times higher than s/
√
2. The lower co-
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Table 6.6: Critical temperatures Tc, determined at ρ ≈ 0.9ρn, in-plane and cross-
plane coherence lengths ξab(0) and ξc(0) and ξc(0)/(s/
√
2), where s is the largest
distance between two consecutive superconducting layers. For a 2D supercon-
ductor ξc ≤ s/
√
2. For the ferecrystals s was determined using TEM. For
NbSe2 and the misfit layer compounds (MLCs), s was approximated assuming
similar thicknesses of the individual SnSe and NbSe2 layers as in ferecrystals.
Compound Tc ξab(0) ξc(0) ξc(0)s/√2 Ref.
(K) (nm) (nm) (nm)
[(SnSe)1+δ]1[NbSe2]1 1.9(1) 18(5) 1.3(8) 1.4(7) this work
[(SnSe)1+δ]6[NbSe2]1 0.82(4) 11(3) 4(3) 1.4(7) this work
2H-NbSe2 single crystal 6.90-7.02 9.9 4.0 ≈ 9.4 [210]
2H-NbSe2 single crystal 7.11 11.0 3.7 ≈ 8.7 [211]
2H-NbSe2 single crystal 7.4 9.0 2.7 ≈ 6.4 [209]
[(PbSe)1.12]1(NbSe2)2 MLC 2.9 16.8 3.4 ≈ 4 [41]
[(SnS)1.17]1(NbS2) MLC 2.88 26.7 2.8 3.35 [212]
[(LaSe)1.14]1(NbSe2)2 MLC 5.43 9.3 2.7 ≈ 3.2 [213]
herence lengths ξc for the ferecrystals compared to the misfit layer compounds
could be a result of the semiconducting large-band gap SnSe layers in ferecrystals,
which are not present in the NbSe2 single crystals and the MLCs.
The trend in the temperature dependence of the perpendicular critical mag-
netic field Hc⊥(T ) for the ferecrystals is similar to the trend of Hc⊥ in NbSe2
single crystals [58, 59]. The parallel critical magnetic field Hc‖(T ), however, re-
ported for NbSe2 single crystals, decreases with a different (positive) curvature as
temperature is increased near Tc [59]. This differs from the Hc‖(T ) curve mea-
sured for the ferecrystals. Fig. 6.27 shows the trend of the temperature dependence
of the critical magnetic fields for the ferecrystals fitted to the empirical equation
Hc(t) = µ0Hc(0)(1−at2), Eq. (2.32), where µ0Hc(0) and a are fit parameters. Bulk
NbSe2 is reported to show a temperature dependence Hc⊥(t) = µ0Hc⊥(0)(1−at2)
with an empirical parameter a ≈ 2.02 [167]. This type of temperature depen-
dence is observed for the ferecrystals with m = 6, whereas for the ferecrystals
m = 1 a different behavior is observed. Using a = 1, usually applied for type-I-
superconductors, does not show a better agreement with the measured data for
m = 1, as is displayed in Fig. B.28. The values for the fit parameter a obtained
for the ferecrystals are close to the value 1 for type-I superconductors and differ
127
6 Structural and electrical properties of ferecrystals [(SnSe)1+δ]m[NbSe2]1








































Figure 6.27: Critical magnetic fields perpendicular to the [(SnSe)1+δ]m[NbSe2]1
ferecrystal layers. The fits are according to the empirical parabolic law,
Eq. (2.32), with fit parameters µ0Hc(0) and a. The least-square fit curves
match the data for m = 6 well, but do not match the data for m = 1.
from the value a = 2.02 for NbSe2 [167]. This result is unexpected, because the
ferecrystals are probably type-II superconductors, because NbSe2 is a type-II su-
perconductor. The temperature dependence of the parallel critical magnetic field
for bulk NbSe2 has been fitted and explained in [59] using the Takanaka theory
[214], which fits to the NbSe2 data in a small range near Tc. The Takanaka theory
takes into account anisotropy of the energy gap and nonlocal effects next to the
simple effective mass model and was applied in [59] to explain the unusual Hc‖(T )
behavior and it was concluded that the energy gap of single-crystalline NbSe2 is
anisotropic. An ansiotropic energy gap in NbSe2 has also been found in [196]. In
addition, the discussion of a fit of the Hc‖(T ) of NbSe2 to the Josephson coupling
model developed by Klemm [176] in [59] led to the conclusion that the coupling
strength in bulk NbSe2 single crystals is too strong to fit to the Josephson coupling
model [59].
6.10.6 The angle dependence of the critical magnetic fields
The angle-dependent critical magnetic field measured in the cryostat with a ro-
tating system (black crosses in Fig. 6.24) was fitted to the LD equation in the 3D
anisotropic limit, Eq. (2.38) using γ as fit parameter. This fit yields a critical par-
allel magnetic field much lower than the measured Hc‖. For demonstration, a plot
of the LD equation in the 3D anisotropic limit, Eq. (2.38), is also shown, for which
the parameter γ is chosen such that the plot includes the lower boundary of the
measured parallel critical magnetic field measured in the 10-T-system. This plot
then does not match the data measured in the flow-cryostat, which is visible in
the insets of Fig. 6.24. A possible misalignment of a few degrees of the sample in
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the 10-T-system with respect to the magnetic field would result in measured crit-
ical fields lower than the true parallel critical magnetic field due to an additional
perpendicular component of the magnetic field. This would mean that the true
parallel critical magnetic field would be even higher than the measured one and
that would make the disagreement with the LD formula in the 3D anisotropic limit
even higher. The data was also fitted to the 2D GL thin film equation, Eq. (2.39),
which is shown in red in Fig. 6.24. For this purpose Eq. (2.39) was solved for Hc(θ)
and the anisotropy parameter γ was used as a fit parameter. The parallel critical
magnetic field resulting from the fit agrees well with the measured parallel critical
magnetic field. The result that the 2D GL fit matches the measured data for Hc(θ)
and the 3D fit does not, is in contrast to the result obtained from Hc‖(T ), where
the 3D anisotropic Lawrence-Doniach model matched the data better. A similar
systematic deviation of the measured data from a fit to the 3D anisotropic GL
model, Eq. (2.38), was also reported for 2H-NbSe2 single crystals in [59], where
the measured critical parallel fields are also systematically lower than the fit for
angles between θ ≈ 5° − 20°. However, for the angle-dependent measurement
shown in Fig. 6.24 there is only one data point for θ = 0° from the measurement in
the 10-T-system supporting this statement, which might not be sufficient. A mea-
surement with a rotating system in a Helium-3-system and high magnetic fields
would be more advantageous to make a more clear statement about the result of
the angle-dependent critical magnetic field and also to get more precise results for
the measurements of ξc. In addition, a possible anisotropy in the energy gap of
NbSe2 can also lead to deviations in the Hc(T ) and Hc(θ) behavior compared to
the simple effective mass model, as discussed in [59].
6.10.7 The anisotropy parameter
According to the Lawrence-Doniach model for 3D anisotropic superconductors, the
square of the ratios between the parallel and the perpendicular critical magnetic
fields equals the effective mass ratio mc/mab, Eq. (2.33), where mab and mc are
the in-plane and cross-plane components of the effective mass components of the
quasi-particles in the LD model. This is plotted in Fig. 6.28. For comparison,
the data reported for 2H-NbSe2 from [59] are also shown. For a 3D anisotropic
superconductor a temperature-independent effective mass ratio would be expected
(Eqs. (2.34) and (2.35)). This is the case for m = 6. However, for m = 1 the
effective mass ratio increases with increasing t. In contrast to the ferecrystals,
NbSe2 shows a decreasing effective mass ratio with increasing temperatures. The
effective mass ratio for m = 1 is higher than for m = 6 and bulk NbSe2 single
crystals.
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Figure 6.28: Effective mass ratios for [(SnSe)1+δ]m[NbSe2]1 ferecrystals from the
ratios between parallel and perpendicular critical magnetic fields and data re-
ported for 2H-NbSe2 [59]. Lines are guides to the eye.
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7 Comparison of ferecrystals with M =
Pb and Sn
7.1 Structural differences between ferecrystals
[(MSe)1+δ]m[NbSe2]n with M = Pb and Sn
In contrast to the [(SnSe)1+δ]m[NbSe2]1 ferecrystals, the samples of the system
[(PbSe)1+δ]1[NbSe2]n have shown defect layers between the substrate and the fere-
crystals and also defect layers near the surface of the thin films for the first two
synthesis batches investigated in this work. A third batch of [(PbSe)1+δ]1[NbSe2]n
samples did not show the defect layers. In the center of the thin films of the
first two batches of [(PbSe)1+δ]1[NbSe2]n the chemical composition and atomic
structure are mainly as expected for the ferecrystals. However, also in the cen-
ter of the thin films the [(PbSe)1+δ]1[NbSe2]n ferecrystals of batch 1 and 2 ex-
hibit a much higher stacking defect area fraction than the ferecrystals contain-
ing SnSe. In an image showing a projected area of about 4000nm2 the samples
of [(PbSe)1+δ]1[NbSe2]1 showed a fraction of defect area of 13%, whereas the
[(SnSe)1+δ]1[NbSe2]1 ferecrystals showed a fraction of defect area of only 1.6%.
The type of defect observed for the (m,n)=(1,1) samples was similar for SnSe- and
the PbSe-containing ferecrystals: over a distance of several nanometers a NbSe2
layer is interrupted and replaced by a PbSe or SnSe bilayer. The adjacent layers
around these defects are almost not bent due to the similar c-lattice parameters
of SnSe (or PbSe) and NbSe2.
Both, the PbSe- and the SnSe-based ferecrystal samples might be susceptible
to the loss of selenium, due to the high vapor pressure of selenium. The top layers
of the PbSe-type ferecrystals of batch 1 and 2 show a decreased selenium concen-
tration compared to the selenium concentration in the ferecrystals. The EDXS
maps of the SnSe type of ferecrystals show no depletion of selenium, neither next to
the substrate, nor next to the surface. However, the [(SnSe)1+δ]m[NbSe2]1 samples
have been prepared for TEM sooner after synthesis than the [(PbSe)1+δ]1[NbSe2]n
samples and therefore a direct comparison is difficult. Annealing of the samples in
an atmosphere containing additional Se vapor might prevent a selenium depletion
near the surface of the samples [21].
The differences in the sample quality between the PbSe-based and the SnSe-
based ferecrystal systems can have several reasons, e. g. the synthesis process,
the substrate material, aging between synthesis and TEM analysis, TEM sample
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Table 7.1: Melting point, heat of fusion and Gibbs free energy of formation for
PbSe and SnSe [216].
Properties PbSe SnSe
Melting point (K) 1351(2) 1149(2)
Heat of fusion (kJ/mol) 42.3(4) 35.5(4)
Gibbs free energy of formation
at 298 K, 1 bar (kJ/mol) -143 -135
preparation or a fundamental difference in their synthesizability as ferecrystals.
For the synthesis process, the chemical composition and the annealing temperature
have been optimized for both sample systems using electron probe microanalysis
and X-ray diffraction for analysis [23, 24, 32]. The TEM analysis led to the
conclusion that the substrate material, aging and TEM sample preparation did
not influence the thickness of the intermediate and surface defect layers.
Indications for a difference in the synthesizability of SnSe and PbSe containing
ferecrystals are given in an article by Hernán et al. [215], which describes an
experiment in which the MLCs [(PbSe)1+δ]1(NbSe2)2 and [(SnSe)1+δ]1(NbSe2)2
were tried to be intercalated with lithium using an n-butyl-lithium solution. This
experiment was successful for the [(SnSe)1+δ]1(NbSe2)2 MLCs. In contrast, the
MLCs [(PbSe)1+δ]1(NbSe2)2 decomposed into the phases NbSe2 and PbSe. The
authors ascribed this to the higher thermodynamical stability of PbSe compared
to SnSe. Several parameters giving information on the thermodynamic stability
of PbSe and SnSe are given in Table 7.1. These parameters show that PbSe is
thermodynamically more stable than SnSe, and that PbSe might therefore be less
suitable for being alternately layered with NbSe2 in the ferecrystals. Furthermore,
SnSe itself is a layered compound with bilayers of SnSe alternately stacked along
the c-direction, with a shift between the bilayers perpendicular to the stacking
direction (Sect. 2.1). This c-direction is the same as the stacking direction in
ferecrystals. This layered structure of bulk SnSe might be more favorable for the
formation of SnSe bilayers in ferecrystals. Bulk PbSe is not a layered compound
and the formation of bilayers might be less favorable than for SnSe. Another
indication for the validity of this hypothesis is that for the SnSe-based ferecrystals
a lower annealing temperature of only 20min at 400 ◦C was sufficient for the
formation of ferecrystals [24, 32]. In contrast, the PbSe-based ferecrystals had to
be annealed for 1 h at 450 ◦C for an optimal formation of ferecrystals [23].
Both, the SnSe- and the PbSe- based samples show column-like regions of bright
and dark areas extending from the bottom to the top of the layer (Figs. 5.7, A.2
and A.10) indicating a columnar crystallization of both types of ferecrystals and
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similar in-plain grain sizes of about 5 nm to 50 nm.
7.2 Electrical properties of ferecrystals with M = Pb or Sn
A comparison between electrical properties measured for the [(PbSe)1+δ]1[NbSe2]1
and [(SnSe)1+δ]1[NbSe2]1 ferecrystals is given in Table 7.2. The rt resistivity val-
ues and the carrier densities evaluated in a single-band model are similar for both
sample systems. The residual resistance ratio (RRR) is higher for the PbSe-based
than for the SnSe-based ferecrystals. This indicates that the defect density for
batch 3 of the PbSe-based ferecrystals is lower than for the SnSe-based ferecrys-
tals. More HAADF-STEM images of [(PbSe)1+δ]1[NbSe2]1 of batch 3 would be
necessary to confirm this. In contrast, the defect density observed by HAADF-
STEM of batches 1 and 2 of the [(PbSe)1+δ]1[NbSe2]1 ferecrystals investigated
in this study was higher than for the [(SnSe)1+δ]1[NbSe2]1 ferecrystal. The De-
bye temperature θD of the [(SnSe)1+δ]1[NbSe2]1 ferecrystals is higher than for the
[(PbSe)1+δ]1[NbSe2]1 ferecrystals and the error is higher, due to the deviation in
linearity of ρ(T ) observed for these ferecrystals, as described below.
The temperature-dependent resistances of the PbSe- and SnSe-based ferecrys-
tals with (m,n) = (1, 1) are shown in Fig. 7.1 together with data reported for
NbSe2 single crystals of different thicknesses. Both ferecrystal types show a metal-






























Figure 7.1: Temperature-dependent normalized resistance of ferecrystals
[(SnSe)1+δ]1[NbSe2]1 and [(PbSe)1+δ]1[NbSe2]1 (batch 3) for 1.4K ≤ T ≤ 300K
and the resistivity of 1 NbSe2 monolayer (4-terminal measurement) [1], 2-3 iso-
lated sheets of NbSe2 (2-terminal measurement) [10] and of bulk NbSe2 single
crystals (4-terminal measurement) [53] are also shown. Solid lines are Bloch-
Grüneisen fits to the data measured for the ferecrystals.
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Table 7.2: Comparison between room temperature resistivity ρrt, residual resis-
tance ration RRR, Debye temperature θD and transition temperature to super-
conductivity Tc of [(PbSe)1+δ]1[NbSe2]1 and [(SnSe)1+δ]1[NbSe2]1 ferecrystals.
Parameter [(PbSe)1+δ]1[NbSe2]1 [(SnSe)1+δ]1[NbSe2]1
ρrt (µWm) 3.3(3) 3.8(2)
ρ4K (µWm) 1.17(9) 2.1(2)
p(T = 10K) (cm−3) 3(2)× 1021 4(2)× 1021
RRR 2.80(3) 1.750(3)
θD (K) 209(1) 244(14)
Tc (K) 1.11(2) 2.04(8)
like temperature dependence of the resistivity. However, for 100K ≤ T ≤ 300K
the ferecrystals [(SnSe)1+δ]1[NbSe2]1 show a larger deviation from a linear temper-
ature dependence of the resistivity than the [(PbSe)1+δ]1[NbSe2]1 samples. The
NbSe2 single crystals also show a deviation from a linear temperature depen-
dence of the resistivity in this temperature range. This indicates that the PbSe
layers introduced between the NbSe2 layers result in a stronger deviation in the
electrical transport properties of the ferecrystals compared to NbSe2 than SnSe.
One explanation for this effect might be lower band gap of PbSe in compari-
son to SnSe. Reported resistivity values for PbSe single crystals at T = 77K
ranges from 1 µWm - 3 µWm [65], whereas for SnSe single crystals at T = 77K
resistivity values of 60 µWm-8900 µWm [123, 124] have been reported. Lower resid-
ual resistivity observed for the [(PbSe)1+δ]1[NbSe2]1 compound in comparison to
[(SnSe)1+δ]1[NbSe2]1. Resistivity values for T ≤ 77K have not been reported for
SnSe. This would also be a possible explanation why the temperature-dependence
of the resistivity of the [(SnSe)1+δ]m[NbSe2]1 ferecrystals resembles more closely
the resistivity behavior of NbSe2 single crystals [52, 60], with a decreasing slope
of ρ(T ) with increasing temperature for T & 100K, whereas [(PbSe)1+δ]1[NbSe2]n
shows a mainly linear, more metal-like temperature dependence. A higher carrier
density and mobility of PbSe might lead to a higher contribution of high-mobility
charge carriers from the PbSe layers to the electrical transport in the PbSe-based
ferecrystals.
The transition temperature Tc, determined at 90% of the residual resistance
is Tc = 1.11(2)K for the [(PbSe)1+δ]1[NbSe2]1 ferecrystals and Tc = 2.04(8)K
for the ferecrystals [(SnSe)1+δ]1[NbSe2]1. One possible explanation for the lower
transition temperature of the [(PbSe)1+δ]1[NbSe2]1 ferecrystal is, as discussed in
Sect. 6.10.2 a stronger proximity effect in the PbSe-based ferecrystals compared to
the SnSe-based ferecrystals in connection with the lower normal state conductivity
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of PbSe.
7.3 Comparison to electrical properties of SnSe-based
ferecrystals
A comparison between the temperature-dependent resistivity values of three dif-
ferent ferecrystals containing SnSe in combination with different group V transi-
tion metal diselenides is shown in Fig. 7.2. The transition metal dichalcogenides
VSe2, NbSe2, and TaSe2 are group V transition metals. Therefore, the ferecrys-
tals are expected to show roughly similar electrical properties [4]. However, below
T ≈ 100K the temperature-dependent resistivity of [(SnSe)1+x]1[VSe2]1 shows
a striking difference to that of the other ferecrystals. Below about T = 100K
the resistivity of this ferecrystal strongly increases with decreasing T [19]. This
has been suggested to be an effect of a charge density wave (CDW) transition
[19, 25, 64], because at TCDW ≈ 100K − 140K bulk VSe2 single crystals show
a CDW transition [90, 95, 112, 113]. During the CDW transition the resistivity
increases with decreasing T for T ≤ TCDW and the carrier density decreases due to
the localization of charge carriers and the opening of an energy gap in the CDW
state. This localization of the charge carriers would also explain the increase of
the Hall coefficient RH of [(SnSe)1+x]1[VSe2]1 shown in Fig. 7.3. Bulk NbSe2 is
reported to show a charge density wave transition at TCDW ≈ 35K accompanied
by a change in the slope of ρ and RH [44, 50–54, 54, 55, 55, 57, 172]. However, such
changes in the slope of ρ or RH are not observed for the NbSe2-based ferecrystals.
Bulk TaSe2 is reported to have a CDW transition with an onset temperature of
TCDW ≈ 85K − 110K [91, 109–111]. In this temperature range no indications
for a CDW transition have been observed for the TaSe2-based ferecrystals either.
An important difference in atomic structure between the three different transition
metal dichalcogenides is that VSe2 usually shows an octahedral coordination of the
transition metal atom by Se atoms [95, 218], whereas in 2H-NbSe2 and 2H-TaSe2
(the most common polytypes at rt) the coordination of the transition metal atom
by Se atoms is trigonal prismatic [82, 218]. In contrast, the polytype 4H-NbSe2
contains alternately octahedral and trigonal prismatic coordination and shows an
increased CDW transition temperature observed by an anomaly in the resistivity
compared to 2H-NbSe2 [83]. This indicates that this structural difference can
have an influence on the formation of a CDWs or on its effect on resistivity in the
different types of ferecrystals.
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Figure 7.2: Temperature-dependent resistivity of [(SnSe)1+δ]1[NbSe2]1 fere-
crystals in comparison to other SnSe-based ferecrystals. The ferecrystal
[(SnSe)1+x]1[VSe2]1 has been measured in this work and is reported in [19, 25].
The sample [(SnSe)1+β]1[TaSe2]1 has been measured by R.Atkins at the Uni-
versity of Oregon [33]. The resistivity of bulk NbSe2 and VSe2 single crystals
as reported in [60] and [95] are also shown. Lines are guides to the eye.

















































































Figure 7.3: Temperature-dependent Hall coefficients RH for [(SnSe)1+δ]m[NbSe2]1
ferecrystals in comparison to other SnSe-based ferecrystals. The resistivity
of bulk NbSe2 and VSe2 single crystals as reported in [60] and [95] are also
shown. Lines are guides to the eye. The sample [(SnSe)1+β]1[TaSe2]1 has
been measured by R.Atkins at the University of Oregon [217]. The ferecrystal
[(SnSe)1+x]1[VSe2]1 has been reported in [19, 25].
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The structural and electrical properties of the novel [(PbSe)1+δ]1[NbSe2]n and
[(SnSe)1+δ]m[NbSe2]1 ferecrystals have been investigated. For the structural char-
acterization high-angle annular dark-field scanning transmission electron micros-
copy (HAADF-STEM), energy-dispersive X-ray spectroscopy (EDXS) and selected-
area electron diffraction (SAED) have been used. For an electrical analysis tempe-
rature-dependent in-plane resistivity, Hall coefficients, magnetoresistance and nor-
mal-to-superconducting transitions were determined. Some of the main results are
• The atomic structure of the PbSe, SnSe and NbSe2 layers in the ferecrystals
is similar to the structure reported for the respective bulk binary compounds.
• A grain size of 5 nm to 50 nm and defects, in which PbSe or SnSe replaces
parts of the NbSe2 layers, were observed for the ferecrystals.
• The room temperature resistivity values of 2.5(2) µWm to 28(2) µWm, are
within the range of values reported for bulk NbSe2, PbSe or SnSe.
• The dependence of the resistivity on m and n deviates from a parallel resis-
tors model in which PbSe and SnSe do not contribute to transport.
• A quantitative analysis using a two-layer model yields n-type conductivity
for the NbSe2 layers with a carrier density of ≈ 1020, which differs from bulk
NbSe2 (p-type) and is consistent with reports on isolated NbSe2 monolayers.
• Possible indications for a charge density wave transition are observed in
resistivity and Hall coefficient for the ferecrystals [(SnSe)1+δ]m[NbSe2]1 with
m > 1, but not for the ferecrystals [(PbSe)1+δ]1[NbSe2]n.
• The transition temperatures to superconductivity Tc for the ferecrystals
[(PbSe)1+δ]1[NbSe2]n with n = 1, 2, 3 are only 44% to 64% of Tc of analo-
gous MLCs. This high reduction in Tc can be ascribed to the turbostratic
disorder if non-stoichiometry and octahedral coordination of the Nb atoms
by Se can be excluded.
• An increase in the cross-plane distance between NbSe2 layers s in the fere-
crystals [(SnSe)1+δ]m[NbSe2]1 is found to lead to an increase in the cross-
plane Ginzburg-Landau coherence length ξc. The ratio ξc/s is lower for these
ferecrystals than for bulk NbSe2 and MLCs containing NbSe2.




The TEM analysis has shown that the applied cross-sectional TEM preparation
parameters and the substrate materials do not influence the structure of the fere-
crystal thin films substantially. The HAADF-STEM images of the ferecrystals
show an arrangement of atomic columns in the NbSe2 and SnSe layers similar as
in the respective bulk 2H-NbSe2 and α- or β-SnSe compounds with the c-axes
parallel to the stacking direction in the ferecrystals. A trigonal prismatic coor-
dination of the Nb atoms by Se is observed. Furthermore, the ferecrystals show
a turbostratic disorder between the individual layers. The SAED diffraction pat-
terns confirm the turbostratic disorder, visible as a streaking of the diffraction
spots along the stacking direction. The in-plane diffraction spots in the SAED
pattern can be indexed using the individual crystal structures of bulk SnSe (space
group Pmcn) [84] and bulk NbSe2 (space group P63/mmc) [82]. A difference
between the a and b-lattice parameters of SnSe, indicating an orthorhombic unit
cell and a significant change in the in-plane lattice parameters with increasing m,
as reported for SnSe in ferecrystals containing MoSe2- and VSe2 [19, 25, 34], are
not observed. Columns of in-plane width 5 nm to 50 nm with similar brightness
of the PbSe or SnSe layers in some of the samples reaching from the substrate to
the surface of the ferecrystals in the HAADF-STEM images suggest a common
alignment of subsequent PbSe or SnSe layers along the stacking direction. The
NbSe2 layers within these columns show a turbostratic disorder. In some sample
areas the PbSe or SnSe layers are oriented similarly as in MLCs.
Structural defects
The ferecrystals show a grain size of 5 nm to 50nm. Several types of other defects
were observed in low concentrations in the ferecrystals. The PbSe- and SnSe-
based samples with (m,n) = (1, 1) contained defects in which parts of the NbSe2
layers were replaced by PbSe or SnSe layers. In contrast, the [(SnSe)1+δ]m[NbSe2]1
samples with m = 6 showed defects in which two NbSe2 layers of adjacent grains
are offset along the stacking direction. The SnSe- and PbSe-based samples have
shown an increased oxygen content within a layer of a few nanometers below the
surface, which was similar for samples prepared for TEM after different periods of
time after synthesis, indicating the formation of a passivating oxide. The first two
batches of PbSe-based ferecrystals showed intermediate layers and a higher defect
density in the center of the thin films in contrast to the SnSe-based ferecrystals.
This indicates that the layered structure of bulk SnSe might be more favorable
for the formation of SnSe bilayers in ferecrystals than bulk PbSe, which is not a
layered compound.
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The influence of MSe on electrical properties
The room temperature (rt) in-plane resistivity values measured for the ferecrystals
[(PbSe)1+δ]1[NbSe2]n with n = 1 − 3 range from 2.5(2) µWm to 3.6(2) µWm. For
the ferecrystals [(SnSe)1+δ]m[NbSe2]1 with m = 1 − 6 the rt resistivity values
range from 3.8(2) µWm to 28(2) µWm. As expected, these values are within the
range of in-plane resistivity values reported for bulk NbSe2 and PbSe or SnSe.
The Hall coefficients of the ferecrystals are higher than those reported for bulk
NbSe2 and lower than those reported for PbSe or SnSe. The resistivity values
and Hall coefficients of the PbSe- and SnSe-based ferecrystals with (m,n) = (1, 1)
are the same within measurement error and both show a metal-like temperature-
dependence of their resistances.
However, unlike the PbSe-based ferecrystals, the SnSe-based ferecrystals with
m = 1 show a deviation from a linear temperature dependence of the resistivity
between T = 100K and 300K. The temperature-dependent resistivity of the SnSe-
based ferecrystals with m = 1 resembles more closely that of bulk and few-layer
NbSe2 [10, 60], indicating that the PbSe layers in ferecrystals contribute more
strongly to the electrical transport than the SnSe layers. This corresponds to the
lower band gap of PbSe in comparison to SnSe. Samples with m > 1 show an
increasingly semiconductor-like temperature dependence of their resistivity with
increasing m.
The Debye temperature of the ferecrystal [(PbSe)1+δ]1[NbSe2]1, θD = 209(1)K,
is slightly lower than θD = 244(14)K for the ferecrystal [(SnSe)1+δ]1[NbSe2]1. The
Debye temperatures of the PbSe-based ferecrystals with n = 1− 3 and the SnSe-
based ferecrystals with m = 1− 3 range between 190K and 259K and are within
the range of values reported for bulk and few-layer NbSe2 and are similar to values
reported for Nb-containing MLCs.
The residual resistivity as a function of n for the [(PbSe)1+δ]1[NbSe2]n fere-
crystals and as a function of m for the [(SnSe)1+δ]m[NbSe2]1 ferecrystals increases
more strongly than expected from a parallel resistors model in which the conduc-
tivity of the PbSe or SnSe layers is neglected in comparison to the conductivity
of the NbSe2 layers. This suggests that the PbSe or SnSe layers also contribute
to the electrical transport in the ferecrystals. A non-zero magnetoresistance mea-
sured for the [(SnSe)1+δ]m[NbSe2]1 ferecrystals at T ≤ 10K has been analyzed
quantitatively using a two-layer model. The analysis yielded n-type conductivity
in one of the layer types and p-type conductivity in the other layer type, although
bulk NbSe2 and SnSe are usually reported as p-type. Based on the report for an
isolated NbSe2 monolayer, which has been found to show n-type conductivity [8],
the NbSe2 layers in the ferecrystals are assumed to be n-type. Using the two-layer
model yields a semimetallic temperature dependence of the carrier density of the
NbSe2 layers in the ferecrystals, a carrier density 1-2 orders of magnitude lower
than ≈ 1022 for bulk NbSe2 and a mobility of (10 − 400) cm2/(Vs) similar as for
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bulk NbSe2. This is consistent with reports on single NbSe2 layers [8]. One expla-
nation for the semimetallic behavior at low temperatures can be the occurrence of
a CDW which has been calculated to lead to semiconducting properties in NbSe2
monolayers, whereas for bulk NbSe2 it leads to metallic properties [15].
For the SnSe layers the two-layer model yielded carrier densities of ≈ 1016 and
mobility values of (103 − 104) cm2/(Vs), similar as reported for bulk or thin film
SnSe. Lower mobility values would be expected for the SnSe and the NbSe2 layers
in the ferecrystals compared to bulk compounds, since in the ferecrystals they are
polycrystalline with a small in-plane grain size. However, a channeling effect due
to scattering at the interfaces between the SnSe and NbSe2 layers might lead to
increased mobility values.
Charge density wave transition
No indications for a charge density wave (CDW) transition were observed for
the PbSe-based ferecrystals. In contrast, the ferecrystals [(SnSe)1+δ]m[NbSe2]1
show an increasing resistivity and Hall coefficient with decreasing temperatures for
m > 1 starting below T ≈ 60K, where a CDW transition is expected for NbSe2.
This non-metal-like behavior results in a ratio ρ295K/ρ4K lower than 1 for m = 5
and 6. These effects are similar to the effects observed for the [(SnSe)1+β]m[VSe2]1
ferecrystals at about T = 110K, where a CDW transition has been suggested to
take place [19, 64].
The influence of turbostratic disorder and polycrystallinity
A comparison between [(PbSe)1+δ]1[NbSe2]n ferecrystals with n = 1, 2 and 3 and
analogous MLCs [(PbSe)1+δ]1[NbSe2]n shows that the turbostratic disorder, poly-
crystallinity and the lower thickness of the ferecrystals, have an influence on the
value of the resistivity and the value of the slope of R(T ). However, ferecrystals
and MLCs both show a linear trend in ρ(T ) between T = 100K and rt, unlike
bulk and few-layer NbSe2. The Debye temperatures are similar for ferecrystals
and the analogous MLCs, suggesting that their phonon spectra are similar, de-
spite the turbostratic disorder. In contrast to the MLCs, the residual resistance
of the ferecrystals increases with increasing n. A possible explanation can be
made in analogy to ferecrystals [(SnSe)1.16]1[NbSe2]n [29], which have been re-
ported to show a decrease in grain size with increasing n. The residual resistivity
values reported for the MLCs are lower and the residual resistance ratios higher
than those for the ferecrystals which can be explained by the polycrystallinity and
turbostratic disorder of the ferecrystals.
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Superconductivity
For the first time superconductivity has been detected for ferecrystals. The transi-
tion temperatures of the [(SnSe)1+δ]m[NbSe2]1 and [(PbSe)1+δ]1[NbSe2]n ferecrys-
tals range from Tc ≈ 0.82(5)K to 2.66(4)K. The transition widths ∆T range from
2% to 25% of Tc, similar as reported for MLCs. Upon increasing the thickness
of the NbSe2 layers in the repeat unit, as done for the [(PbSe)1+δ]1[NbSe2]n fere-
crystals, Tc increases systematically from Tc = 1.11(2)K for n = 1 to 2.66(4)K for
n = 3. For the [(SnSe)1+δ]m[NbSe2]1 ferecrystals Tc decreases systematically upon
increasing the cross-plane distance between the NbSe2 layers from Tc = 2.04(8)K
for m = 1 to Tc = 0.84(7)K for m = 6. These results show that the ferecrystals
can serve as model systems with systematically varying superconducting proper-
ties upon changing the stacking sequence and the material combination.
The transition temperatures of the [(PbSe)1+δ]1[NbSe2]n ferecrystals are re-
duced to about 34% to 43% of Tc of the analogous isolated NbSe2 single-, bi-
and trilayers. The observed trend of increasing Tc upon increasing the thickness
of the NbSe2 layers is as expected from reports on single- and few-layer NbSe2
single crystals [1, 2]. One possible explanation for the effect of decreasing Tc upon
increasing m is that the increase in separation of the NbSe2 layers with increasing
m leads to a reduction in the coupling between the individual NbSe2 layers in the
ferecrystals and to Tc approaching the value for a single NbSe2 layer embedded in
SnSe for increasing m.
A possible explanation for the about 50% lower Tc of the PbSe-based ferecrystals
with (m,n) = (1, 1) compared to the SnSe-based ferecrystals with (m,n) = (1, 1)
is a stronger proximity effect for the PbSe-based ferecrystals due to the lower band
gap of PbSe.
Surprisingly, the transition temperatures of the [(PbSe)1+δ]1[NbSe2]n ferecrys-
tals are drastically reduced to 44% to 64% of Tc of the analogous MLCs. If a
non-stoichiometry and an octahedral coordination of the Nb by Se atoms in the
NbSe2 layers can be excluded, this large reduction of Tc can be attributed to the
turbostratic disorder in the ferecrystals, which is not present in the MLCs.
A hysteresis effect was observed for the magnetic field dependent resistances
of [(SnSe)1+δ]m[NbSe2]1 ferecrystals. The hysteresis effect was much higher for
the samples with m = 6 than for m = 1. This can be attributed to the larger
fraction of interrupted NbSe2 layers for m = 6 than for m = 1 observed in the
HAADF-STEM images, since defects can act as flux pinning centers.
First measurements of the temperature- and angle-dependent parallel and per-
pendicular critical magnetic fields of ferecrystals have been carried out. The anal-
ysis shows that the cross-plane Ginzburg-Landau (GL) coherence lengths of the
ferecrystals [(SnSe)1+δ]m[NbSe2]1 with m = 1 and m = 6 are equal to the cross-
plane distances between the superconducting NbSe2 layers in these samples, within
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the error boundaries. A cross-plane GL coherence length smaller than the cross-
plane distance between superconducting layers would be a signature of 2D super-
conductivity [73–75] and the ferecrystals are close to this condition. The ratio
between the coherence length and the distance between the NbSe2 layers for the
ferecrystals is closer to that of 2D superconductors than the ratios reported for
MLCs and bulk NbSe2. This can be explained by the cross-plane incoherence of
the structure of the ferecrystals in contrast to MLCs and bulk NbSe2 single crys-




Ferecrystals are novel materials and the structural and electrical properties of
many ferecrystals are still unknown. Furthermore, the origin of their stability and
their bonding mechanisms is still an open question. For a prediction of the electri-
cal properties of the many possible material combinations and stacking sequences
for ferecrystals and to investigate the origin of their stability, charge transfer and
bonding mechanisms, band structure measurements using angle-resolved photoe-
mission spectroscopy would be helpful.
The findings of intermediate layers in some batches of the ferecrystals in this
work has lead to the question how their formation process can be optimized and
how their properties can be stabilized. In order to learn more about the formation
process of the ferecrystals and possible intermediate layers, an in-situ annealing
study of the as-deposited ferecrystal precursors using high-resolution TEM could
be used to detect whether an onset temperature exists, at which possible inter-
mediate layers start to form or whether an intermediate layer is already present
in the as-deposited layers. Since the [(PbSe)1+δ]1[NbSe2]n samples have shown a
decreased selenium content at the surface and in the intermediate layers, another
possible way to improve the sample quality would be to anneal the samples in
selenium vapor, as shown in [21, 219] or to increase the selenium layer thickness
during deposition of the first and last precursor layers.
Comparing the transition temperatures of the PbSe-based ferecrystals to anal-
ogous misfit layer compounds allows for the direct detection of the influence of
turbostratic disorder on Tc, if a non-stoichiometry of the NbSe2 layer and an
octahedral coordination of the Nb atoms can be excluded. The detection of non-
stoichiometry, e. g. due to interstitial atoms in the van der Waals gaps between
two NbSe2 layers, can be achieved by X-ray diffraction and refinement methods
by determining cross-plane distances between lattice planes and a comparison to
bulk NbSe2. In addition high-resolution TEM on more sample areas would help
to detect the coordination of the Nb atoms by Se or interstitial atoms.
Another open question is whether a charge density wave is present in the fere-
crystals. Optical methods using Raman spectroscopy would be helpful to clarify
this, similar as reported for NbSe2 mono-, bi- and trilayers [1]. Possibly, selected-
area electron diffraction or X-ray diffraction methods could be used to observe the
appearance of superlattice peaks below the CDW transition temperature, similar
as described in [49, 50, 96].
Furthermore, the characteristics of the cross-plane electrical resistivity of the
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ferecrystals in the normal and superconducting state are still unknown. Due to
their layered superconductor-non-superconductor-superconductor structure, the
ferecrystals might show an intrinsic Josephson junction behavior in the supercon-
ducting state [144, 220, 221]. To show whether an intrinsic Josephson junction
effect can be observed, cross-plane resistivity measurements could be used, similar
as for the misfit layer compound (LaSe)1.14NbSe2 [144, 220, 221].
Additional information on the type of charge carriers contributing to the electri-
cal transport and their properties in terms of a two-band model could be obtained
by Seebeck measurements. Experiments applying a back-gate voltage to vary the
carrier density in the samples, as reported in [9, 10, 15] to analyze their normal
state or superconducting properties would give further information on the type
and density of charge carriers in the ferecrystals.
With the measurements of the critical magnetic fields of superconductivity in
this work a starting point was set for further measurements of the temperature-
dependence of the critical magnetic field to determine a possible crossover from
3D to 2D-superconducting properties. This study has shown that further, more
detailed measurements of the temperature dependent critical magnetic fields are
required to determine whether a possible 3D- to 2D transition in temperature
takes place. Furthermore, susceptibility measurements to characterize their super-
conducting properties would be interesting. Finally, measuring the temperature-
dependent critical magnetic fields of samples with an even higher separation of
the NbSe2 layers, e. g. m = 10, or even a single layer of NbSe2 buried in semi-
conducting or insulating layers, seem promising experiments for the observation
of 2D properties.
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List of symbols and acronyms
List of symbols
m Number of metal chalcogenide bilayers (two atomic monolayers)
in the repeat unit of a ferecrystal.
n Number of transition metal dichalcogenide layers (three atomic
monolayers) in the repeat unit of a ferecrystal.
s Repeat unit thickness.
e Elementary charge.
d Total sample thickness.
dsc Thickness of a superconducting thin film or a length scale for
the spatial distribution of the order parameter.
p Hole density.
RRR Residual resistance ratio.
ρ Electrical resistivity.
ρres Residual resistivity.
ρ4K Resistivity at T = 4K.
ρn Normal state resistivity close to transition temperature to su-
perconductivity.
Rn Normal state resistance close to transition temperature to su-
perconductivity.
Rrt Room temperature resistance.




Vm Measured voltage in Hall measurement experiment.
q Charge of a charge carrier (for electrons: q = −e, for holes:
q = e, where e = 1.602× 10−19 C).
Irms Root mean square current.
Rres Residual resistance.
MX Metal chalcogenide (M : metal, X : Se, Te or S).




Tc Transition temperature to the superconducting state at which
R = 0.9Rn .
∆T Transition width determined as the temperature range between
R = 0.1Rn and R = 0.9Rn.
Tc,0.5 Transition temperature to the superconducting state at which
R = 0.5Rn .
Hc Critical magnetic field.
ξ0 BCS-coherence length.
TCDW Charge density wave transition temperature.
ξ Ginzburg-Landau coherence length.
ξab In-plane Ginzburg-Landau coherence length.
ξc Cross-plane Ginzburg-Landau coherence length.
Hc‖ Critical magnetic field with magnetic field applied parallel to the
layers.








CDW Charge density wave.
EDXS Energy dispersive X-ray spectroscopy.
FIB Focused ion beam.
GL Ginzburg-Landau.
HAADF-STEM High-angle annular dark-field scanning transmission electron mi-
croscopy.
LD Lawrence-Doniach.
MER Modulated elemental reactants.
MLC Misfit layer compound.
rt Room temperature.
SAED Selected-area electron diffraction.
TEM Transmission electron microscopy.





A Details for structural analyses
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A Details for structural analyses
A.1 TEM preparation parameters
[(PbSe)1+α]1(NbSe2)1 ferecrystals
Table A.1: TEM preparation parameters for sample [(PbSe)1+α]1(NbSe2)1. All
samples were prepared on silicon with native silicon oxide.
Sample Synthesis Face-to-face gluing/ Ion milling Time between
name batch gluing into tube LN2 cooling: synthesis
No. temperature, time energy, time and TEM
1 1 150 ◦C, 2 h/ not cooled ≈ 22 months




2 2 150 ◦C, 2 h/ not cooled ≈ 10 months




3 2 150 ◦C, 2 h/ cooled ≈ 10 months




4 2 150 ◦C, 2 h/ cooled ≈ 13 months
80 ◦C, 1.5 h 3 kV, 6.5 h
1.5 kV, 20min
0.75 kV, 20min
Continued on next page
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A Details for structural analyses
Table A.1 – Continued from previous page
Sample Synthesis Face-to-face gluing/ Ion milling Time between
name batch gluing into tube LN2 cooling: synthesis
No. temperature, time energy, time and TEM
0.2 kV, 20min
5 2 80 ◦C, 2 h/ cooled ≈ 21 months




6 2 80 ◦C, 2 h/ cooled ≈ 24 months





Table A.2: TEM preparation parameters for sample [(PbSe)1+α]1(NbSe2)2. All
samples were prepared on silicon with native silicon oxide.
Sample Synthesis Face-to-face gluing/ Ion milling Time between
name batch gluing into tube LN2 cooling: synthesis
No. temperature, time energy, time and TEM
1 1 100 ◦C, 3 h/ cooled ≈ 10.5 months




Continued on next page
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Table A.2 – Continued from previous page
Sample Synthesis Face-to-face gluing/ Ion milling Time between
name batch gluing into tube LN2 cooling: synthesis
No. temperature, time energy, time and TEM
2 2 100 ◦C, 3 h/ cooled ≈ 14 months




3 2 100 ◦C, 3 h/ cooled ≈ 15.5 months





Table A.3: TEM preparation parameters for sample [(PbSe)1+α]1(NbSe2)3. All
samples were prepared on silicon with native silicon oxide.
Sample Synthesis Face-to-face gluing/ Ion milling Time between
name batch gluing into tube LN2 cooling: synthesis
No. temperature, time energy, time and TEM
1 1 100 ◦C, 3 h/ cooled ≈ 11.5 months




2 2 150 ◦C , 0.3 h/ cooled ≈ 14 months
Continued on next page
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Table A.3 – Continued from previous page
Sample Synthesis Face-to-face gluing/ Ion milling Time between
name batch gluing into tube LN2 cooling: synthesis
No. temperature, time energy, time and TEM





Table A.4: TEM preparation parameters for sample [(PbSe)1+α]1(NbSe2)4. All
samples were prepared on silicon with native silicon oxide.
Sample Synthesis Face-to-face gluing/ Ion milling Time between
name batch gluing into tube LN2 cooling: synthesis
No. temperature, time energy, time and TEM
1 1 100 ◦C, 3 h/ cooled ≈ 13.5 months







Table A.5: TEM preparation parameters for sample [(SnSe)1+δ]m(NbSe2)1. All
samples were prepared on 300 nm silicon oxide on silicon.
m Synthesis Face-to-face gluing/ Ion milling Time between
batch gluing into tube LN2 cooling: synthesis
No. temperature, time energy, time and TEM
1 1 80 ◦C, 2 h/ cooled ≈ 2 months




4 2 80 ◦C, 2 h/ cooled ≈ 3 months




5 2 80 ◦C, 2 h/ cooled ≈ 1.5 months




6 2 80 ◦C, 2 h/ cooled ≈ months
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A.2 HAADF-STEM of [(PbSe)1+α]1(NbSe2)n ferecrystals
Intermediate layers in [(PbSe)1+α]1(NbSe2)1
Figure A.1 shows a high-angle annular dark-field (HAADF-STEM) overview image
of specimen 4 of [(PbSe)1+δ]1(NbSe2)1. The intermediate and surface layers are
present throughout the image over a range of about 2.56 µm. The intermediate
layer is also found at the other side of the TEM specimen at the top of the image.
The specimen part seen at the top of the image originates from a specimen area
which was at least several hundreds of micrometers away from the lower specimen
part in the original as-synthesized specimen.
Figure A.1: HAADF-STEM image of [(PbSe)1+δ]1(NbSe2)1 specimen 4 showing
the specimen along a length of about 2.56 µm. The defect intermediate and




Figure A.2: HAADF-STEM image of sample [(PbSe)1+δ]1[NbSe2]1 (specimen
4) showing column-like areas which are slightly darker or brighter than the
neighboring areas. The approximate positions of the boundaries between the
columns are highlighted by light blue lines.
20 nm 20 nm
3.7 nm 3.7 nm
Si Si
a) specimen 1 (batch 1) b) specimen 2 (batch 2)
Figure A.3: HAADF-STEM image of [(PbSe)1+δ]1(NbSe2)1 specimen 4 showing
the specimen along a length of about 2.56 µm. The defect intermediate and
surface layers are present throughout the whole analyzed area.
Stacking defects in [(PbSe)1+α]1(NbSe2)1
The defect density of these stacking defects in the ferecrystals has been estimated
from the HAADF-STEM image shown in Fig. A.4. The defect density has been
calculated by relating the sum of the areas boxed in blue to the total area of the
ferecrystals boxed in red. The defects density then amounts to 13%.
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10 nm
Figure A.4: HAADF-STEM image of specimen 2 of [(PbSe)1+δ]1(NbSe2)1. The
areas boxed in dashed blue boxes indicate stacking defects, the area boxed in
red was used for calculating the defect density.
A.3 EDX analysis of [(PbSe)1+α]1(NbSe2)n ferecrystals
EDX spectra and maps of [(PbSe)1+α]1(NbSe2)2 ferecrystal
Table A.6: Composition of the different specimen regions of [(PbSe)1+δ]1[NbSe2]2,
specimen 2, determined from the EDX spectra in Fig. A.6. The errors given
are the 3σ errors. For comparison, the chemical composition of an ideal MLC
[(PbSe)1.10]1(NbSe2)2 is also given.
Element Ferecrystals Intermediate layer Surface layer Ideal MLC (δ = 0.1)
at.% at.% at.% at.%
Nb 24(3) 31(6) 27(4) 24.4
Se 60(6) 33(5) 51(6) 62.2
Pb 14(5) 10(4) 15(5) 13.4
O 2(1) 25(7) 8(3) 0
For EDX maps acquired in this study (Fig. A.5) the K-series of Nb (E ≈ 16.5
keV), the K-series of Se (E ≈ 11.2 keV), the K-series of O (E ≈ 0.5 keV) and the
L-series of Pb (E ≈ 10.5 keV) were used. The oxygen content is increased and the
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Figure A.5: EDX maps of [(PbSe)1+δ]1(NbSe2)2, specimen 2. The figures show the
HAADF-STEM image and the simultaneously measured EDX maps of oxygen
(O), niobium (Nb), selenium (Se) and lead (Pb). The dashed line indicates


























Figure A.6: EDX spectra of [(PbSe)1+δ]1[NbSe2]2, specimen 2. The background
has been removed. a) Spectrum of the intermediate layer (blue, filled), b)
Spectrum of the surface layer (red, filled). Insets show HAADF-STEM images
with the specimen areas from which the spectra originate (colored rectangles).
The spectra from the ferecrystal layers are displayed in black.
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STEM DF Nb Pb Se




Figure A.7: EDXS maps of [(PbSe)1+δ]1[NbSe2]2, specimen 2, batch 2 on Si with
native oxide. The figures show the HAADF-STEM image and the simulta-
neously measured EDXS map for Nb, Se and Pb. The dashed line indicates
the interface between silicon oxide and intermediate layer, estimated from the
HAADF-STEM image.
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Figure A.8: HAADF-STEM and EDXS maps of [(PbSe)1+δ]1(NbSe2)3, specimen

















Figure A.9: EDX spectra of [(PbSe)1+δ]1(NbSe2)3, specimen 2 (batch 2). The
background has been removed from the spectra. The inset shows the HAADF-
image with the specimen areas from which the spectra originate marked with
colored rectangles. The spectrum from the ferecrystal layers is displayed in
black. The spectrum of the bottom layer is displayed in red.
Table A.7: Composition of the different specimen regions of [(PbSe)1+δ]1[NbSe2]3,
specimen 2 (batch 2), determined from the EDX spectra in Fig. A.9. The errors
are given in parenthesis as 3σ errors. For comparison, the chemical composition
of an ideal MLC [(PbSe)1.10]1(NbSe2)3 is also given.
Element Ferecrystals Intermediate layer Ideal MLC (δ = 0.1)
at.% at.% at.%
Nb 25(4) 17(6) 26.8
Se 59(7) 30(6) 63.4
Pb 10(4) 11(4) 9.8
O 6(3) 45(12) 0
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A.4 HAADF-STEM of [(SnSe)1+α]m(NbSe2)1 ferecrystals
20 nm
m = 6
Figure A.10: HAADF-STEM image of sample [(SnSe)1+δ]6(NbSe2)1 showing
column-like areas which are slightly darker or brighter than the neighboring
areas. The boundaries of the columns are indicated by light blue lines.
b)
SnSe 2 nm10 nm
a)
NbSe2
Figure A.11: HAADF-STEM images of [(SnSe)1+δ]m[NbSe2]1 ferecrystal withm =
1. The image in Fig.A.11 a) is set of two images of two adjacent sample areas,
which were acquired at the same magnification. a) The boxed areas indicate
stacking defects in which a SnSe layer replaces a part of a NbSe2 layer. b) a
magnified part of a) is shown with the stacking sequence indicated by green
(SnSe) and blue (NbSe2) rectangles.
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B Details for electrical analyses
B.1 Temperature-dependent resistivity of [(PbSe)1+α]1(NbSe2)n
Batch 3





























Figure B.1: Exemplary I-V curves for four temperatures for sample
[(PbSe)1+δ]1[NbSe2]n with n = 2 (A) of batch 3. The schematics on the upper
left-hand side show the two van der Pauw measurement configurations (a, b).



































Figure B.2: Room temperature (T = (292.3 - 295.8) K) resistivity for
[(PbSe)1+δ]1[NbSe2]n ferecrystals and values for [(PbSe)1+δ]1[NbSe2]n misfit
layer compounds (MLCs) reported by Nader et al. [41], Oosawa et al. [39],
Auriel et al., 1993 [40], Auriel et al., 1995 [42], Auriel et al., 1992 [43] and bulk
NbSe2 single crystals reported by Lee et al. [60] and Naik et al. [83] and for
12 layer thick NbSe2 reported by El-Bana et al. [9].
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Figure B.3: Temperature-dependent resistance R normalized to room temperature
resistance Rrt of [(PbSe)1+δ]1[NbSe2]n ferecrystals (batch 3) for 20K ≤ T ≤
50K . The resistivity values of a bulk NbSe2 single crystal as reported in [53]
are shown on the right-hand scale.
Batches 1 and 2
The STEM-HAADF images for the samples of type n = 1 of batch 1 and 2 have
shown non-layered intermediate and top layers. The STEM-HAADF images of
samples of type n = 2 of batch 2 have shown untypical thin Nb rich layers below
the ferecrystals and the STEM-HAADF images of a sample of type n = 4 showed
mostly amorphous layers (section 5.4).
The rt resistivity values of the [(PbSe)1+δ]1[NbSe2]n samples are displayed in
Fig. B.2. The error bars in resistivity shown in Fig. B.2 for the ferecrystals mea-
sured in this work (red and green symbols) include the errors due the fit of I(V ),
due to thickness measurement and due to contact size, as described in section
4.3.1. The measured resistivity values are between ρ295K = 3.3 µWm and 4.9 µWm.
These values are within the range of resistivity values reported for the respective
conventional misfit layer compounds reported by Nader et al. [41], Oosawa et al.
[39], Auriel et al. [40]. A direct interpretation of the measurement results in terms
of the influence of the increasing NbSe2 layer thickness or the turbostratic disorder




































Figure B.4: Room temperature resistivity determined from van der Pauw measure-
ments for [(PbSe)1+δ]1[NbSe2]n samples compared to reported values of other
[(PbSe)1+δ]1[NbSe2]n ferecrystals [31], In-plane resistivity data for crystalline
[(PbSe)1+δ]1[NbSe2]n misfit layer compounds (MLCs) reported by Nader et al.
[41] and Auriel et al. [40] is shown for comparison. The ferecrystal samples of
type n = 1 have shown non-layered intermediate and surface layers for batch
1 and 2. Samples with n = 2 showed a Nb rich intermediate layer. Samples
with n = 4 showed an amorphous layer structure and sample n = 3 of batch 1
showed large voids. The samples of batch 3 showed a layer stacking sequence
as expected and no intermediate or surface layers.
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Figure B.5: Temperature-dependent resistivity of [(PbSe)1+δ]1[NbSe2]n ferecrys-
tals (batch 2, ‘samples A’) for 1.4K ≤ T ≤ 300K. The resistivity of a bulk
NbSe2 single crystal as reported in [60] is also shown (indicated by *). Solid
lines are Bloch-Grüneisen fits. Error bars are shown exemplarily for the highest
temperatures. The resistivity measurements of the samplesm = 2 and 3 in Fig.
B.5 were performed by A. Simon and A.Fiedler in the Novel Materials Group
at HU Berlin.
due to the different defect layers which were observed for the different n. Only for
the sample n = 3, sample A of batch 1 the increased resistivity can be expected
due to the large voids found across the TEM sample. The resistivity values of the
other samples measured in this work are similar or lower than the values reported
for similar [(PbSe)1+δ]1[NbSe2]n ferecrystals in [31]. This difference to the previ-
ously measured ferecrystals might be due to the about 10 nm thick intermediate
layers which were observed for samples of the type n = 1 in this work and which
might not be present for the reported ferecrystals. However, no TEM images were
shown in [31] indicating whether intermediate layers are present in those ferecrys-
tals or not. Assuming that these layers have not been present in the previously
reported samples, a lower resistivity would mean that the intermediate layers con-
tribute to the electrical transport. However, the scattering of the resistivity values
of batch 1 and 2 is larger than the difference to ρ295K of the previously reported
ferecrystals. The large scattering in the resistivity values for the samples of the
same batch indicates that the samples are inhomogeneous.
The error bars shown for ρ of the ferecrystals in Fig. B.5 are only shown for one
temperature for each n. These errors include the errors due the fit of I(V ), due
to thickness measurement and due to contact size, as described in section 4.3.1.
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The error due to contact size causes the largest part of the error ≈ 4.7% of ρ).
The error bars due to the linear fits of the I-V -curves are smaller than the sizes
of the symbols. Several samples show a drop to zero resistivity at temperatures
below 4K. This is shown in more detail in Fig. B.8.
B.2 Temperature-dependent Hall coefficients of [(PbSe)1+α]1(NbSe2)n
The carrier (hole) density calculated assuming a single-band model (2.8) is shown
on the right-hand side axis in Fig. B.6 a). At RT these carrier density values
are about p ≈ 81021 cm−3. This value is similar to the value for NbSe2 single
crystals for which a room temperature carrier density of about 1.3× 1022 cm−3
can be calculated from the Hall coefficients measured within the layer planes ([60]
and [52]). The RT carrier density of ≈ 1018 cm−3 [65, 66] reported for PbSe films
is clearly lower. The Hall coefficients of the samples [(PbSe)1+δ]1[NbSe2]n in Fig.
B.6 a) show a similar temperature dependence for the samples n = 1− 3 between
T = 4K and T = 300K. In this temperature range there is only a small variation
in carrier density which similar to metals, for which no temperature dependence
in the carrier density is expected. The small increase in RH with decreasing
temperature would be associated with a slight decrease in charge carrier density
with decreasing temperatures in a single-band model.
At about T = 4K, RH of sample n = 3 (sample B) shows a decreased value and
at T = 4K a change in sign (Fig. B.6 b)). A change in sign of RH has also been
reported for bulk NbSe2 with a high RRR. In NbSe2 RH changes from positive
to negative with decreasing temperatures at about 30K to 60K [52, 54, 60]. An
example for RH reported for NbSe2 bulk single crystals is shown in Fig. B.6 b).
This change in sign of the Hall coefficient has been proposed to be accompanied
by a charge density wave transition at this temperature [54, 55, 57]. However, it
has also been reported that this change in sign of RH is only observed for NbSe2
samples with a high RRR value of the NbSe2 material [52, 53]. The ferecrystals
do not show a high RRR value. A change in sign of RH can also occur if two or
more types of charge carriers with different signs (electrons and holes) contribute
to the electrical transport, as can be seen in Eq. (2.18). Due to the similarity
between the RT resistivity values of binary NbSe2 and PbSe this seems probable.
There have been reports on n-type and p-type PbSe and therefore, PbSe could
contribute electrons and NbSe2 holes to the electrical transport, which can lead
to the observed change in sign of the total Hall coefficient. Magnetoresistance or
Seebeck measurements would give more information necessary to analyze carrier
densities and mobility values in terms of a two-band model. The carrier densities
obtained in the single-band model assumption have to be treated with caution,
because of these findings, the single-band model might not be applicable for these
ferecrystals, at least at low temperatures.
The error bars shown in Fig. B.6 are due to the linear fits of the curves RH(B).
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a)
b)
Figure B.6: Temperature-dependent Hall coefficients of [(PbSe)1+δ]1[NbSe2]n fere-
crystals (batch 2) for 2K ≤ T ≤ 300K. Lines are guides to the eye. a) samples
n = 1 − 3 (‘samples A’). The carrier density calculated using a single-band
model is shown on the right-hand axis. b) Ferecrystal samples n = 3 in com-
parison to a NbSe2 single crystal reported in [60]. The dashed line indicates
RH = 0. The Hall measurements measurements of the samples m = 2 and 3




An additional systematic error of 39% due to the size of the contacts (Sect. 4.3.2)
has to be considered when comparing the absolute values of the RH. At about
T ≤ 2.6K the ‘sample B’ of n = 3 shows a change in the sign of the Hall coefficient,
whereas the ‘sample A’ does not. This change in sign occurs very close to the
superconducting transition temperature in sample B (Tc = 2.6K), which is higher
than for sample A. This change in the Hall coefficient can therefore also be an
effect of a canceling of superconductivity rather than a Hall effect.
B.3 Superconductivity in [(PbSe)1+α]1(NbSe2)n
Batch 3
Table B.8: Transition temperatures Tc determined at 90% of the residual resistance
Rn of [(PbSe)1+δ]1[NbSe2]n ferecrystals. The transition width was determined
from the temperature values at 90% and 10% of Rn. Samples A and B are the
clover and the cross-shaped samples, respectively.
n Tc (K) Transition width ∆T ∆T /Tc
(Sample) (K) (K) (%)
1 (A) 1.113(7) 0.27(3) 24(3)
1 (B) 1.104(5) 0.25(3) 23(3)
2 (A) 1.91(2) 0.07(3) 4(2)
2 (B) 1.92(2) 0.06(4) 3(2)
3 (A) 2.66(4) 0.04(4) 2(2)
3 (B) 2.66(3) 0.05(5) 2(2)
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Figure B.7: Temperature-dependent resistivity measured using the Van der Pauw
method of [(PbSe)1+δ]1[NbSe2]n ferecrystals (batch 3) for the temperature
range 0.3K ≤ T ≤ 6K.
Batches 1 and 2 in comparison to batch 3
For the samples n = 1 of batch 1 and 2 about 10 nm thick intermediate layers have
been observed, which are shown schematically as orange rectangles in Fig. B.8. In
samples n = 2 an about 5 nm thin Nb-rich film has been observed between the
ferecrystals and the substrate.
Due to the presence of different intermediate layers in samples n = 1 and n =
2 of batch 1 and 2, the measured Tc do not have to be representative for the
ferecrystals with the stacking sequences n = 1 and n = 2, but can be influenced
by the intermediate layers, e. g. due to a parallel conduction or a proximity effect.
Sample n = has shown intermediate layers with a high niobium concentration.
Niobium is also a superconductor and transition temperatures of e. g. 9K have
been reported for bulk single crystals [198] and 4K for thin films with a thickness
of 2 nm [76]. The thickness of the Nb-rich layer in the ferecrystals is about 2 nm-
5 nm and therefore the intermediate layer could have a significant influence on the
transition temperature measured for the samples.
Furthermore, the resistivity measurements show that samples with the same
nominal stacking sequences become superconducting at different transition tem-
peratures. In general, is can be seen that samples with a higher resistivity show
a lower Tc. There are especially large differences between the Tc values of batch
1 and 2 and for n = 2 and n = 3 of batch 2 the values also differ for the two
samples which were on the same substrates. This shows that in spite of the TEM
images showing a locally a similar structure for two batches, the superconducting
properties differ. This might be due to structural inhomogeneities in the samples.
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Figure B.8: Temperature-dependent resistivity ρ for 0.3K ≤ T ≤ 5K of
[(PbSe)1+δ]1[NbSe2]n ferecrystal samples with n = 1 − 3 of batch 1 and 2
showing superconducting transitions in some of the samples. The insets show
schematics of the layer structures.
For sample n = 3 of batch 1 many round voids have been found throughout the
sample viewed in HAADF-STEM and these might have led to a canceling of su-
perconductivity. It is not clear whether the Nb-rich layer found in both batches
of sample type n = 2 has an influence on T . Superconducting thin films of pure
Nb are reported to have a transition temperature of T = 3.7K [76], which is much
higher than the transition temperature observed for the n = 2 sample of batch 1.
Figure B.9 shows the measured transition temperatures for all three batches of
the ferecrystals [(PbSe)1+δ]1[NbSe2]n in comparison to values reported for con-
ventional misfit layer compounds. The values of Tc measured for the ferecrystal
samples are lower than the values reported for the respective MLCs. Furthermore,
they are lower than Tc of bulk NbSe2 and are also lower than Tc of few-layer NbSe2
thin films consisting of only 9-16 monolayers of NbSe2, which showed transition
temperatures of Tc ≈ 5.0K to 6.7K [9, 10]. The Tc values of the ferecrystals of
batch 2 are similar to the values reported in [10] for 2-3 monolayers of NbSe2
after a high-current cleaning technique of Tc =2K to 2.5K. The 2-3 monolayer
thick NbSe2 flakes reported in [9] did not become superconducting down to 2.0K.
However, for the [(PbSe)1+δ]1[NbSe2]n samples of batch 1 and 2, it is difficult to
draw conclusions for the influence of the stacking sequence of the NbSe2 and PbSe
layers on the electrical properties. This is on the one hand, this is due to the
scattering in Tc for the 2 batches and on the other hand it is due to the defect
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Figure B.9: Transition temperatures Tc,0.5 of [(PbSe)1+δ]1[NbSe2]n ferecrystals de-
termined as the temperatures at which R = 0.5Rres in comparison to those of
conventional misfit layer compounds (MLCs). The labels A and B indicate the
clover- and cross leaf shaped samples. The symbols with arrows for n = 2 and
3 of batch 1 and the MLC with n = 1 indicate that no transition to supercon-
ductivity is observed down to this temperature.
layers (intermediate and top layers, Nb-rich layers) differ for each value of n. Since
neither the influence of n nor the influence of the layers stacking sequence is known
an interpretation is difficult.
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B.4 Temperature-dependent resistivity of [(SnSe)1+δ]m(NbSe2)1






















































Figure B.10: a) Temperature-dependent van der Pauw resistivity ρ measured for
temperatures 1.4K ≤ T ≤ 300K of [(SnSe)1+δ]m[NbSe2]1 ferecrystal with m =
1 (sample A, clover leaf) and reported for a NbSe2 single crystal [60]. An
error bar is shown exemplarily for T ≈ 300K, which includes the error due to
the contact size and thickness measurement. Black lines are Bloch-Grüneisen
fits. b) for m = 2 (samples A, clover leaf shaped). The error bars shown here
are due to the resistivity measurement and the thickness measurement. This
error and the error in temperature are smaller than the size of the symbols.
The resistivity measurements of the sample m = 2 were performed within the
bachelor thesis by G.Hoffmann [203].
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m = 3 (A)
m = 3 (B)
m = 2 (A)
Figure B.11: Temperature-dependent normalized van der Pauw resistivity ρ for
temperatures 1.4K ≤ T ≤ 300K of [(SnSe)1+δ]m[NbSe2]1 ferecrystals with
m = 2 and m = 3 normalized to the room temperature resistivity ρ295K. The
lines are guides to the eye. The resistivity measurements of the sample m = 2
and m = 3 were performed within the bachelor thesis by G.Hoffmann [203].
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Figure B.12: a) and b) Temperature-dependent van der Pauw resistivity ρ for
temperatures 1.4K ≤ T ≤ 300K of [(SnSe)1+δ]m[NbSe2]1 ferecrystals with
m = 3 and 4 (samples A, clover leaf shaped). The error bars shown here
are due to the resistivity measurement and the thickness measurement. This
error and the error in temperature are smaller than the size of the symbols.
Black lines are Bloch-Grüneisen fits.The resistivity measurements of the sample
m = 3 were performed within the bachelor thesis by G.Hoffmann [203].
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Figure B.13: Temperature-dependent van der Pauw resistivity ρ for temperatures
1.4K ≤ T ≤ 300K of [(SnSe)1+δ]m[NbSe2]1 ferecrystals with m = 5 and 6
(samples A, clover leaf shaped). The error bars shown here are due to the
resistivity measurement and the thickness measurement. This error and the
error in temperature are smaller than the size of the symbols.
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B.5 Exemplary I-V curves of [(SnSe)1+δ]m(NbSe2)1






T = 4.2(2) K












T = 297.1(5) K
 





Figure B.14: Exemplary I-V curves for different temperatures for sample
[(SnSe)1+δ]m[NbSe2]1 with m = 1 (A). The schematics on the upper left-hand
side show two exemplary van der Pauw measurement configurations (a and b).












T = 0.62(1) K













T = 294.1(2) K
Figure B.15: Exemplary I-V curves for different temperatures for sample
[(SnSe)1+δ]m[NbSe2]1 with m = 6 (B). The schematics on the upper left-hand
side show two exemplary van der Pauw measurement configurations (a and b).
For T = 0.62(1)K /(blue diamonds) the sample shows a transition from the
superconducting to the normal conducting state at Ic = ±17.76 µA.
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Figure B.16: Exemplary Hall measurement for [(SnSe)1+δ]m[NbSe2]1 m = 1(A)
using Keithley 6221 and 2182 instruments with a constant current of I = 150 µA
at T = 297K and varying magnetic field B. The measurement setup is shown
in Fig. 2.6 c). It can be concluded that the Hall coefficient is p-type.
B.7 Magnetoresistance measurements of [(SnSe)1+δ]2(NbSe2)1 and
analysis in a two-layer model
The magnetoresistance measurements shown in Fig. B.17 were performed within
the Bachelor thesis of G. Hoffmann [203]. These measurements were performed
in one of the van der Pauw resistance measurement configurations using the flow-
cryostat and a lock-in amplifier SR830 with a current of Irms = 50 nA.
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T = 2.07(3) K
T = 2.35(3) K
T = 2.72(2) K
T = 3.02(5) K













Magnetic field B (T)
Figure B.17: Magnetoresistance of sample [(SnSe)1+δ]m[NbSe2]1 with m = 2 and
fits according to a two-band model discussed in section 6.8.2 in which NbSe2
is assumed to be n-type and SnSe p-type.
B.8 Hall coefficients and resistivity of [(SnSe)1+δ]6(NbSe2)1 for
analysis in a two-layer model
The measured voltages for the Hall measurement have been corrected for magne-
toresistance effects and have been fitted near B = 0, as shown in Figs B.18, B.19,
B.20 and B.21. The fit results are shown in Table B.9.
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Figure B.18: Hall measurement of sample [(SnSe)1+δ]m[NbSe2]1 with m = 6. The
measured Hall voltage (black) has been corrected for the magnetoresistance
(blue). A linear fit (red, dashed) has been made to this corrected Hall voltage.
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Figure B.19: Hall measurement of sample [(SnSe)1+δ]m[NbSe2]1 with m = 6. The
measured Hall voltage (black) has been corrected for the magnetoresistance
(blue). A linear fit (red, dashed) has been made to this corrected Hall voltage.
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Figure B.20: Hall measurement of sample [(SnSe)1+δ]m[NbSe2]1 with m = 6. The
measured Hall voltage (black) has been corrected for the magnetoresistance
(blue). A linear fit (red, dashed) has been made to this corrected Hall voltage.






























Figure B.21: Hall measurement of sample [(SnSe)1+δ]m[NbSe2]1 with m = 6. The
measured Hall voltage (black) has been corrected for the magnetoresistance
(blue). A linear fit (red, dashed) has been made to this corrected Hall voltage.
178
B Details for electrical analyses
Table B.9: Resistance R(B = 0), resistivity ρ and Hall coefficient RH of the fere-
crystal [(SnSe)1+δ]m[NbSe2]1 m = 6 for different temperatures T . The errors
given for ρ and RH result from the error in the linear fit of V (I) and VH(B)
and from the error in thickness measurement and size of the contacts.
T R(B = 0) ρ(B = 0) RH
(K) (W) (µWm) (10−3 cm3/(As))
1.45(5) 311 32.40 ± 1.61 11.9 ± 4.8
2.14(5) 308 32.03 ± 1.61 11.7 ± 4.7
4.00(5) 299 31.04 ± 1.51 11.28 ± 4.6
10.00(6) 284 29.53 ± 1.41 11.15 ± 4.5
Table B.10: Resistance R(B = 0), resistivity ρ and Hall coefficient RH of the
ferecrystal [(SnSe)1+δ]m[NbSe2]1 m = 2 for different temperatures T . The
errors given for ρ and RH result from the error in the linear fit of V (I) and
VH(B) and from the error in thickness measurement and size of the contacts.
T R(B = 0) ρ(B = 0) RH
(K) (W) (µWm) (10−3 cm3/(As))
2.07(3) 20.1 4.34 ± 0.21 2.37 ± 0.96
2.35(3) 20.2 4.36 ± 0.21 2.41 ± 0.96
2.72(2) 20.2 4.36 ± 0.21 2.41 ± 0.96
3.02(5) 20.3 4.37 ± 0.21 2.41 ± 0.96
4.21(1) 20.2 4.36 ± 0.21 2.40 ± 0.95
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B.9 Critical current for normal-superconducting transition in
[(SnSe)1+δ]6(NbSe2)1


















T = 0.62 K
Figure B.22: Current-voltage plot of [(SnSe)1+δ]m[NbSe2]1 with m = 6 showing a
transition from the superconducting to the normal state at Ic = ±17.76 µA.
B.10 Normal-to-superconducting transition temperature in
[(SnSe)1+δ]m(NbSe2)1
Figure B.23: Temperature-dependent resistance measured using a lock-in amplifier
in one of the van der Pauw resistance measurement configurations. Crosses
indicate the 10%, 50% and 90% values of the residual resistances Rn.
Figure B.23 shows temperature-dependent resistance measurements performed
using a lock-in amplifier (DSP 7265) with Irms = 50 nA for m = 1 and 6 and
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Irms = 500nA for m = 3 and Irms = 50 µA for m = 2. The measurements of
m = 2 have been performed by G. Hoffmann within the Bachelor thesis [203].
The resulting values for Tc are given in Table B.11.
Table B.11: Transition temperatures Tc determined at 90% of the normal resistiv-
ity ρn (near Tc of [(SnSe)1+δ]m[NbSe2]1 ferecrystals with m = 1, 3 and m = 6
(samples B). The transition width ∆T was determined as the temperature
range between the temperatures at which the resistance is 90% and 10% of Rn
obtained from the lock-in measurements.
m Sample Tc ∆T ∆T /Tc
(K) (K) (%)
1 A 2.01 ± 0.10 0.10 ± 0.05 5 ± 3
1 B 2.04 ± 0.10 0.10 ± 0.05 5 ± 3
2 A 1.35 ± 0.10 not measured
3 A 1.44 ± 0.16 0.23 ± 0.05 16 ± 4
3 B 1.44 ± 0.16 0.23 ± 0.05 16 ± 4
4 A 1.05 ± 0.03 0.10 ± 0.04 10 ± 4
4 B 1.08 ± 0.03 0.10 ± 0.04 10 ± 4
6 A 0.86 ± 0.05 0.15 ± 0.02 17 ± 3
6 B 0.82 ± 0.05 0.15 ± 0.05 18 ± 7
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B.11 Critical magnetic field [(SnSe)1+δ]6(NbSe2)1

































Figure B.24: Magnetic-field-dependent resistance of [(SnSe)1+δ]m[NbSe2]1 fere-
crystals with m = 6 (sample B) in a magnetic field perpendicular to the layers.
The error in temperature is 0.02K.
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T = 0.3 K
Figure B.25: Magnetic-field-dependent resistance of [(SnSe)1+δ]m[NbSe2]1 fere-
crystals with m = 3 in a magnetic field perpendicular to the layers. The
error in temperature is 0.02K.





























Figure B.26: Temperature-dependent critical perpendicular magnetic field for
[(SnSe)1+δ]m[NbSe2]1 ferecrystals with m = 3.
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B.12 Mean free path of [(SnSe)1+δ]m(NbSe2)1






























Figure B.27: Mean free paths calculated for [(SnSe)1+δ]m[NbSe2]1 ferecrystals from
the single-band carrier density using the quasi-free charge carrier model. For
m = 6 the result using the carrier density for NbSe2 obtained using two-layer
model is also shown.
B.13 Temperature dependence of the critical magnetic fields
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Figure B.28: a) Perpendicular and b) parallel critical magnetic field for
[(SnSe)1+δ]m[NbSe2]1 ferecrystals with m = 1 and m = 6. The fits are accord-
ing to the empirical parabolic law found for type-I superconductors, Eq. (2.30),
with fit parameter a1.
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B.14 Example for Ginzburg-Landau 2D fit to temperature-dependent
parallel critical magnetic field
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Figure B.29: Square of parallel critical magnetic field plotted against reduced
temperature t for [(SnSe)1+δ]m[NbSe2]1 ferecrystals with a) m = 1 and b)
m = 6. The green line is a schematic line showing that a linear dependence
H2c‖(t) (2-D behavior) might be present in the measured data for t up to t ≈ 0.75
for m = 1 and up to t ≈ 0.7 for m = 6. The red line is a schematic line showing
that no linear dependence H2c‖(t) (2-D behavior) is present in the measured
data if measured values for t ≥ 0.72 are included. If there was a 3-D to 2-D
crossover, then the upper boundary for T ∗ estimated from the measured data
would be between t ≈ 0.68 and t ≈ 0.75 for sample m = 1 and it would be
between t ≈ 0.65 and t ≈ 0.75 for m = 6.
B.15 MATLAB code for the calculation of the van der Pauw sheet
resistance
0 %program r e qu i r e s f i l e s to be in t h i s sequence : R1 ,R1 ,R2 ,R2 ,R1 ,R1 ,R2...
,R2
%r equ i r e s he r ro rbar .m in same f o l d e r
clear a l l
hold o f f
5 format long
close
%% Enter Input data :
10 % 1 . Enter path f o r input f i l e s and r e s u l t f i l e s :
f i l e l o c a t i o n = ’C: \ ’ ; %l o c a t i o n o f input f i l e s
f i l e l o c a t i o n r e s u l t s = ’C: \ ’ ;
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diary ( f u l l f i l e ( f i l e l o c a t i o n r e s u l t s , ’ d ia ry . dat ’ ) )
15
% 2 . Enter number o f header l i n e s in measurement . txt− f i l e s :
h e ad e r l i n e s = 29
20 % 3 . Enter vo l t age measurement ranges :
Vrange2401 = 200∗10^(−3) % in V, p o s s i b l e ranges in Volt : ...
200∗10^(−3) ; 2 ; 20
Vrange2182 = 10∗10^(−3) % in V, p o s s i b l e ranges in Volt : 10∗10^(−3)...
; 100∗10^(−3) ; 1 ; 10 ; 100
25 % 4 . Was a magnetic f i e l d app l i ed and measured?
Bf ie ldmeasured=0 % yes=1; no=0
%End input data
30
%% Finds a l l txt− f i l e names in the input f o l d e r
l o c e x i s t=exist ( f i l e l o c a t i o n , ’ d i r ’ ) ;
i f l o c e x i s t==0
disp ( ’ f i l e ␣ l o c a t i o n ␣does ␣not␣ e x i s t . ’ )
35 end
wi ldcard=’ \∗ ’ ;
f i l e e n d i n g=’ . txt ’ ;
d i r e c t o r y =[ f i l e l o c a t i o n , wi ldcard , f i l e e n d i n g ] ;
40
name s o f f i l e s = dir ( d i r e c t o r y ) ; %s t ru c tu r e array o f a l l . txt ...
f i l enames
%% check i f 8 txt f i l e s per van der Pauw measurement
45 n u f i l e s = s ize ( nameso f f i l e s , 1 ) ; % Number o f t x t f i l e s in f o l d e r
i f mod( nu f i l e s , 8 ) == 0
else
disp ( ’Number␣ o f ␣ f i l e s ␣not␣mu l t ip l e ␣ o f ␣ 8 ! ’ )
end
50
%% cr ea t e c e l l −array f o r f i l enames
F i l e s={zeros ( n u f i l e s , 1 ) } ;
55 for f i l e n o =1: n u f i l e s
F i l e s ( f i l e n o )={name s o f f i l e s ( f i l e n o ) . name} ;%f i l l c e l l array with ...
f i l enames
end
%% get f i l enumber s from f i l enames to check i f 8 have same number
60
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nu f i l e smu l t i p l e o f 8=n u f i l e s+8−mod( nu f i l e s , 8 ) ;
Nocheck=zeros ( nu f i l e smu l t i p l e o f 8 , 1 ) ;
for k=1: n u f i l e s
f i l e name s s=char ( F i l e s ( k ) ) ;
65 C = text scan ( f i l enames s , ’%s ␣%f ␣%s␣%f ␣%s ’ ) ;
Nocheck (k , 1 )=C{2} ;
end
countPauw=nu f i l e s /8 ; % number o f van der Pauw measurements
No=zeros ( 8 , 1 ) ;
70 %a=0; %s t a r t s at 3 rd row o f r e s u l t s −c e l l ( f i r s t 2 rows are header )
for a=0:8: n u f i l e s −mod( nu f i l e s , 8 )
for y=1:8
No(y , 1 )=Nocheck ( a+y) ; %to t e s t i f f i l e n o i s equal f o r a l l 8 ...
f i l e s
end
75 q=No(1 , 1 ) ;
i f No(2 , 1 )==q && No(3 , 1 )==q && No(4 , 1 )==q && No(5 , 1 )==q && ...
No(6 , 1 )==q && No(7 , 1 )==q && No(8 , 1 )==q
else
warn3=sprintf ( ’ For␣ f i l e ␣00%8.0 f ␣ the re ␣ are ␣not␣8␣ f i l e s ␣...
p re s ent . ’ ,No(1 , 1 ) ) ;




%% crea t e a matrix f o r I−V−curve f i t r e s u l t s and ente r 2 header ...
l i n e s
85 r e s u l t=c e l l ( length ( F i l e s ) +2 ,4) ; %+2 due to 2 header l i n e s
r e s u l t ( 1 , 1 )={ ’ Filename ’ } ;
r e s u l t ( 1 , 2 )={ ’ Res i s tance ’ } ;
r e s u l t ( 1 , 3 )={ ’ Error ␣Res i s tance ’ } ;
r e s u l t ( 1 , 4 )={ ’ Pearsons ␣ r ’ } ;
90 r e s u l t ( 2 , 1 )={ ’ ␣ ’ } ;
r e s u l t ( 2 , 2 )={ ’Ohm’ } ;
r e s u l t ( 2 , 3 )={ ’Ohm’ } ;
r e s u l t ( 2 , 4 )={ ’ ␣ ’ } ;
95 %% make I−V−curve f i t s and p l o t s f o r each input f i l e :
for x=1: length ( F i l e s )
f i d =0; %f i l e i d e n t i f i e r
while f i d < 1 % get cur rent f i l ename , while−loop f o r e r r o r message ...
i f f i l e does not e x i s t
100 f i l ename=char ( F i l e s ( x ) ) ;
f u l l f i l e n ame =[ f i l e l o c a t i o n , ’ \ ’ , f i l ename ] ;
[ f i d , message ] = fopen ( f u l l f i l e n ame , ’ r ’ ) ;
i f f i d == −1






%% −−−−−−−−−−−−−−−−−−open contents o f the f i l e ...
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
110 GPIB=text scan ( f id , ’GPIB0::%2 f ’ ) ;
GPIBadd=GPIB{1} ; %e . g . GPIB0 : : 1 6 : : INSTR
measure = text scan ( f id , ’%f ␣%f ␣%f ␣%f ␣%f ␣ ’ , ’ h e ad e r l i n e s ’ , ...
h e ad e r l i n e s ) ;
115 s t a tu s = fc lose ( ’ a l l ’ ) ;
I = measure {1 ,1} ;
V = measure {1 ,2} ;
Vcorr=V−V(1 ,1 ) ; % V(1 , 1 ) has to be the zero po int
120 Powercorr=Vcorr .∗ I ;
R e s i s t c o r r=Vcorr . / I ;
f igure ( ’ v i s i b l e ’ , ’ o f f ’ )
plot ( Powercorr ( 2 : length ( Powercorr ) ) , R e s i s t c o r r ( 2 : length ( Re s i s t c o r r ) ) ...
, ’ .− ’ )%do not p l o t f o r Power=0
xlabel ( ’Power␣P␣ [W] ’ )
125 ylabel ( ’ Res i s tance ␣R␣ [ \Omega ] ’ )
fnam=sprintf ( ’%s%s%s_%s ’ , f i l e l o c a t i o n r e s u l t s , ’ \ ’ , char ( F i l e s ( x ) ) , ’ ...
_roverp . jpg ’ ) ;
print ( ’−dpng ’ , fnam)
close
130 %−−−−−−−−−−−−−−−l i n e a r f i t −−−−−−−−−−−−−−−−
%% Keith ley 2401 sys temat i c e r r o r s
% assuming sys temat i c e r r o r s have the value o f the next−to−l a s t ...
d i g i t :
i f GPIBadd == 24 | | GPIBadd == 25 | | GPIBadd == 23 | | GPIBadd == 26
i f Vrange2401 == 200∗10^(−3)
135 error=10^(−5)∗ ones ( length (V) ,1 ) ;
e l s e i f Vrange2401 == 2
error=10^(−4)∗ ones ( length (V) ,1 ) ;
e l s e i f Vrange2401 == 20
error=10^(−3)∗ ones ( length (V) ,1 ) ;
140 else
d i sp l ay ( ’ Enter ␣ c o r r e c t ␣Voltage ␣ range . ’ )
end
%%Keith ley 2182 sys temat i c e r r o r s
% assuming sys temat i c e r r o r s have the value o f the next−to−l a s t ...
d i g i t :
145
e l s e i f GPIBadd == 12 | | GPIBadd == 16
i f Vrange2182 == 10∗10^(−3)
error=5∗10^(−8)∗ ones ( length (V) ,1 ) ;
e l s e i f Vrange2182 == 100∗10^(−3)
150 error=10^(−7)∗ ones ( length (V) ,1 ) ;
e l s e i f Vrange2812 == 1
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error=10^(−6)∗ ones ( length (V) ,1 ) ;
e l s e i f Vrange2812 == 10
error=10^(−5)∗ ones ( length (V) ,1 ) ;
155 e l s e i f Vrange2182 == 100
error=10^(−4)∗ ones ( length (V) ,1 ) ;
else
d i sp l ay ( ’ Enter ␣ c o r r e c t ␣Voltage ␣ range . ’ )
end
160 else
d i sp l ay ( ’GPIB−adre s s ␣not␣ found ! ’ )
end
[ f i t r e s u l t , go f ] = f i t ( I ,V, ’ poly1 ’ , ’Weight ’ , 1 . / ( error . ^ 2 ) ) ;
R_intervals = con f i n t ( f i t r e s u l t , 0 . 9 5 ) ;
165 error_R=max( f i t r e s u l t . p1−R_intervals ( 1 , 1 ) , f i t r e s u l t . p1−R_intervals ...
( 2 , 1 ) ) ;
V_fit = feval ( f i t r e s u l t , I ) ; %c a l c u l a t e f i t va lue s
%% −−−−−−−−−−−check i f IV−curve i s l i n e a r −−−−−−−−−−−−−−
170
Pearsonsr=gof . r square ; %Pearson ’ s r
i f Pearsonsr <0.98
warn=sprintf ( ’%s : ␣Pearsons ␣ r ␣<␣ 0 .98 ␣ ! ␣Data␣not␣ l i n e a r . ’ , char ( ...
F i l e s ( x ) ) ) ;
disp (warn )
175 end
%% plo t I−V curve and f i t
f igure ( ’ v i s i b l e ’ , ’ o f f ’ )
plot ( I ,V, ’ . ’ , . . .
I , V_fit , ’ r− ’ ) ;
180 xlabel ( ’ Current ␣ I ␣ [A] ’ ) ;
ylabel ( ’ Voltage ␣V␣ [V] ’ ) ;
grid on
hold on
errorbar ( I ,V, error , ’ . ’ )
185 legend ( ’Data ’ , ’ L inear ␣ Fit ’ , ’ Locat ion ’ , ’ Best ’ ) ;
hold o f f
fnam=sprintf ( ’%s%s%s_%s ’ , f i l e l o c a t i o n r e s u l t s , ’ \ ’ , char ( F i l e s ( x ) ) , ’ . ...
jpg ’ ) ;
print ( ’−dpng ’ , ’−r300 ’ , fnam)
close
190
%% Check i f r e s i d u a l s are high and p lo t r e s i d u a l s over cur rent
r e s i d u a l s=zeros ( length ( F i l e s ) , 1 ) ;
r e s = V − V_fit ;
195 for k=1: length (V)
i f abs ( r e s ( k ) ) >= 2∗ error ( k ) ;
warn4=sprintf ( ’ Res idua l ␣ high ␣ f o r ␣ f i l e ␣%s . ’ , char ( F i l e s ( x ) ) ) ;
disp (warn4 ) ;





figure ( ’ v i s i b l e ’ , ’ o f f ’ )
plot ( I , res , ’ . ’ , ’ MarkerSize ’ ,25)
205 xlabel ( ’ Current ␣ I ␣ [A] ’ ) ;
ylabel ( ’ Res idua l s ␣ [V] ’ ) ;
legend ( ’ Res idua l s ’ , ’ Locat ion ’ , ’ Best ’ ) ;
fnam=sprintf ( ’%s%s%s_%s ’ , f i l e l o c a t i o n r e s u l t s , ’ \ ’ , char ( F i l e s ( x ) ) , ’ ...
_res . jpg ’ ) ;
print ( ’−dpng ’ , fnam)
210 close
%% f i l l matrix with I−V−curve f i t r e s u l t s
%f i l ename , r e s i s t an c e , e r r o r r e s i s t a n c e %x+2 because o f header
r e s u l t ( x+2 ,1)={f i l ename } ;
215 r e s u l t ( x+2 ,2)={ f i t r e s u l t . p1 } ;
r e s u l t ( x+2 ,3)={error_R } ;
r e s u l t ( x+2 ,4)={Pearsonsr } ;
end
220 %% save s i n g l e I−V− f i t r e s u l t s in r e s u l t . dat
[ nrows , n co l s ]= s ize ( r e s u l t ) ;
fnam=sprintf ( ’%s%s%s_%s ’ , f i l e l o c a t i o n r e s u l t s , ’ \ ’ , char ( F i l e s (1 ) ) , ’ ...
_resu l t . dat ’ ) ;
225 f i d = fopen ( fnam , ’w ’ ) ;
for row=1:2




fpr intf ( f i d , ’%s ; ␣%f ; ␣%f ; ␣%f \n ’ , r e s u l t {row , : } ) ;
end
235 fc lose ( ’ a l l ’ ) ;
%% Calcu la t e van der Pauw sheet r e s i s t a n c e and e r r o r s out o f 8 I−V−...
curves f o r each temperature :
resultPauw=zeros ( countPauw , 2 ) ;% dummy f o r averages o f 8 R’ s and ...
e r r o r s
240 Avgres=zeros ( 8 , 1 ) ;
Errorsquare=zeros ( countPauw , 1 ) ;
x=2; %s t a r t s at 3 rd row o f r e s u l t s −c e l l ( f i r s t 2 rows are header ...
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245 Avgres (y , 1 )=r e s u l t {x+y , 2 } ; %s t a r t s at f i r s t o f 8 f i l e s at 3...
rd row o f r e s u l t s −c e l l
Errorsquare (y , 1 )=r e s u l t {x+y , 3 } . ^ 2 ;
end
resultPauw ( count , 1 )=sum( Avgres ) ; %sum of a l l 8 r e s i s t a n c e s
resultPauw ( count , 2 )=sqrt (sum( Errorsquare ) ) ; %pythagorean ...
add i t i on o f a l l 8 r e s i s t an c e −e r r o r s ( error_R ’ s )
250 x=x+8;
end
%ca l c u l a t e Pauw co r r e c t i o n f a c t o r f
R1=zeros ( 4 , 1 ) ;
255 R2=zeros ( 4 , 1 ) ;




260 R1(2∗y−1 ,1)=abs ( r e s u l t {x+2∗y−1 ,2}) ; %l i n e 1 , 3 , 5 , 7 ; abs ...
because f o r superconduct ing samples R becomes negat ive ...
sometimes




265 RRatio=sum(R2) /sum(R1) ; %in Van der Pauw paper p l o t t ed f o r ...
RRatio>1
end
Pauwequation=@( f )cosh ( ( ( RRatio−1) . / ( RRatio+1) ) ∗( log (2 ) / f ) ) −0.5∗exp ( ( ...
log (2 ) / f ) ) ;
f = f s o l v e ( Pauwequation , 0 . 5 ) ;
f r e s u l t ( count , 1 )=f ;
270 char ( F i l e s ( x ) )
x=x+8;
end
%Calcu la te shee t r e s i s t a n c e R_s :
275 resultPauw ( : , 1 )=resultPauw ( : , 1 ) .∗ pi . / log (2 ) .∗ f r e s u l t ( : , 1 ) . / 8 ;%shee t ...
r e s i s t a n c e
resultPauw ( : , 2 )=resultPauw ( : , 2 ) .∗ pi . / log (2 ) .∗ f r e s u l t ( : , 1 ) . / 8 ;%e r r o r s ...
shee t r e s i s t a n c e
%% get temperatures from f i l enames
Temp=zeros ( n u f i l e s , 1 ) ;
280 for k=1: n u f i l e s
f i l e name s s=char ( F i l e s ( k ) ) ;
C = text scan ( f i l enames s , ’%∗s ␣%∗s ␣%∗s ␣%∗s ␣T2=%7.4 f ␣%∗s ’ ) ;
Temp(k , 1 )=C{1} ;
end
285 %% get B f i e l d from f i l ename :
B f i e l d=zeros ( n u f i l e s , 1 ) ;
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i f Bfie ldmeasured==1
290 for k=1: n u f i l e s %25
f i l e name s s=char ( F i l e s ( k ) ) ;
C = text scan ( f i l enames s , ’%∗s ␣%∗s ␣%12s ␣B=%3.0fmT␣%∗s ␣%∗s ’ ) ;
i f length (C{2})==1




%% Determine average temperatures , temperature e r r o r s , B f i e l d s , ...
f i l enames , R^2 ’ s , high−r e s i dua l s −warnings
300 resultTemp=zeros ( countPauw , 2 ) ; % 2 columns f o r temps and e r r o r ...
temps
re su l tB=zeros ( countPauw , 1 ) ;
e i g h t s f i l e n ame={zeros ( countPauw , 1 ) } ;
e ighttemps=zeros ( 8 , 1 ) ;
e ightBs=zeros ( 8 , 1 ) ;
305 e i g h t r e s i d=zeros ( 8 , 1 ) ;




310 eighttemps (y , 1 )=Temp( t+y , 1 ) ; %s t a r t s at f i r s t o f 8 f i l e s
e ightBs (y , 1 )=B f i e l d ( t+y , 1 ) ;
e i g h t r e s i d (y , 1 )=r e s i d u a l s ( t+y , 1 ) ;
end
resultTemp ( tcount , 1 )=min( e ighttemps )+(max( e ighttemps )−min( ...
e ighttemps ) ) /2 ; %temperature
315 resultTemp ( tcount , 2 )=(max( e ighttemps )−min( e ighttemps ) ) /2 ; % ...
e r r o r o f temperature
r e su l tB ( tcount , 1 )=(sum( e ightBs ) ) /8 ;
e i g h t s f i l e n ame ( tcount , 1 )={F i l e s {1 , t +1}};
r e s i dua l a l a rm ( tcount , 1 )=sum( e i g h t r e s i d ) ;
t=t+8;
320 end
%% save Pauw−shee t r e s i s t a n c e and AverageTemp and B− f i e l d and ...
f i l ename in dat− f i l e
fnam=sprintf ( ’%s%s%s_%s ’ , f i l e l o c a t i o n r e s u l t s , ’ \ ’ , char ( F i l e s (1 ) ) , ’ ...
_Pauw. dat ’ ) ;
f i d = fopen ( fnam , ’wt ’ ) ;
325
fpr intf ( f i d , ’%s ; ␣%s ; ␣%s ; ␣%s ; ␣%s ; ␣%s ; ␣%s ; ␣%s ␣\n ’ , ’ Temperature ’ , ’ ...
Error ␣Temperature ’ , ’ Sheet ␣Res i s tance ’ , ’ Error ␣Sheet ␣Res i s tance ’ , ’ ...
Magnetic ␣ F i e ld ’ , ’ Filename ’ , ’Pauw␣ c o r r e c t i o n ␣ f a c t o r ␣ f ’ , ’Warning␣...
high ␣ r e s i d u a l s ’ ) ;
fpr intf ( f i d , ’%s ; ␣%s ; ␣%s ; ␣%s ; ␣%s ; ␣%s ; ␣%s ; ␣%s ␣␣\n ’ , ’K ’ , ’K ’ , ’Ohm’ , ’ ...
Ohm’ , ’T ’ , ’ ␣ ’ , ’ ␣ ’ , ’ ␣ ’ ) ;
for row=1:countPauw
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fpr intf ( f i d , ’%f ; ␣%f ; ␣%f ; ␣%f ; ␣%f ; ␣%s ; ␣%f ; ␣%f ␣\n ’ , resultTemp ( row...
, 1 : 2 ) , resultPauw ( row , 1 : 2 ) , r e su l tB ( row , 1 ) , char ( e i gh t s f i l e n ame ...
( row , 1 ) ) , f r e s u l t ( row , 1 ) , r e s i dua l a l a rm ( row , 1 ) ) ;
330 end
fc lose ( ’ a l l ’ ) ;
close
335 %% plo t shee t r e s i s t a n c e vs Temp
f igure ( ’ v i s i b l e ’ , ’ o f f ’ )
errorbar ( resultTemp ( : , 1 ) , resultPauw ( : , 1 ) , resultPauw ( : , 2 ) , ’b . ’ )
xlabel ( ’ Temperature␣T␣ [K] ’ ) ;
ylabel ( ’ Sheet ␣Res i s tance ␣R_s␣ [Ohm] ’ ) ;
340 legend ( ’Measurement ’ , ’ Locat ion ’ , ’ Best ’ ) ;
hold on
her ro rbar ( resultTemp ( : , 1 ) , resultPauw ( : , 1 ) , resultTemp ( : , 2 ) , ’b . ’ )
hold o f f
fnam=sprintf ( ’%s%s%s_%s ’ , f i l e l o c a t i o n r e s u l t s , ’ \ ’ , char ( F i l e s (1 ) ) , ’ ...
_Pauw. png ’ ) ;
345 print ( ’−dpng ’ , ’−r1200 ’ , fnam)
close
%%
diary o f f
B.16 MATLAB code for the Bloch-Grüneisen fits
The following MATLAB code for the Bloch-Grüneisen fits has been written on
the basis of a MATLAB code written by Martin Handwerg and Georg Hoffmann.
0 function [ R ] = Bloch (TT, kappa , R0 , theta )
fun = @(x ) x . ^ 5 . / ( ( exp( x )−1).∗(1−exp(−x ) ) ) ;
for x=1: s ize (TT)
5 T=TT(x ) ;
i n t e=quadgk ( fun , 0 , theta /T) ;




0 % Bloch−Grüneisen f i t f unc t i on
% r e qu i r e s func t i on Bloch
% input f i l e : column 1 : temperatures ; column 2 : r e s i s t i v i t i e s or ...
shee t
% r e s i s t a n c e s
5 clear a l l




d i g i t s (50)
clc
10 c l f
close
%% Input F i l e l o c a t i o n
f i l e l o c a t i o nMR f i l e = ’D: \ BGinput . txt ’ ;
15
h ead e r l i n e s = 2 ;
f i d = fopen ( f i l e l o c a t i o nMR f i l e ) ;
20 MRfile = text scan ( f id , ’%f ␣%f ␣ ’ , ’ h e ad e r l i n e s ’ , 2 , ’ d e l im i t e r ’ , ...
’ ; ’ ) ;
T2 = MRfile {1}
R2 = MRfile {2}
fc lose ( f i d ) ;
25 %% Fi t f unc t i on
myfun=@(b , x ) Bloch (x , b (1 ) ,b (2 ) ,b (3 ) ) ;
opts = s t a t s e t ( ’ MaxIter ’ ,1000000 , ’ Display ’ , ’ n o t i f y ’ , ’TolX ’ ,eps , ’ ...
TolFun ’ ,eps ) ;
%% non l inea r f i t
30 [ af , r , J , cov , mse ] = n l i n f i t (T2 ,R2 , myfun , [ 1 0 0 50 200 ] , opts ) ;
%% Fitparameters
kappa=af (1 ) % f a c t o r
R0=af (2 ) % r e s i d u a l r e s i s t i v i t y
35 t0=a f (3 ) % Debye−Temperature
%% Conf idence i n t e r v a l l s ( c i ) :
c i = n l p a r c i ( af , r , ’ covar ’ ,cov , ’ a lpha ’ , 0 . 0 5 )%0.05 f o r 95% con f idence ...
i n t e r v .
af_up=[ a f (1 ) , a f (2 ) , c i ( 3 , 2 ) ]
40 af_low=[ a f (1 ) , a f (2 ) , c i ( 3 , 1 ) ]
%% ca l c u l a t e f i t t e d po in t s
for vv=1:312
TTT(vv )=vv ;
45 Theo1 ( vv )=myfun ( af , vv ) ;
Upperbound ( vv )=myfun ( af_up , vv ) ;
Lowerbound ( vv )=myfun ( af_low , vv ) ;
end ;
50 %% Plot
f igure (1 )
plot (TTT, Theo1 ,T2 ,R2 , ’ o ’ , . . .
TTT, Upperbound , ’ r− ’ , . . .
TTT, Lowerbound , ’ g− ’ )
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55
%% Save f i t t e d data
f i d=fopen ( ’ Blochgrüne i sen . txt ’ , ’w ’ ) ;
fpr intf ( f i d , ’%5.9 f ␣%8.12 f ␣\ r \n ’ , [TTT; Theo1 ; ] ) ;
fc lose ( f i d ) ;
60
r e s u l t =[ t0 , ( c i ( 3 , 2 )−c i ( 3 , 1 ) ) /2 R0 ( c i ( 2 , 2 )−c i ( 2 , 1 ) ) /2 ]
B.17 MATLAB code for the analysis of van der Pauw Hall
measurements
The following MATLAB source code for the analysis of the Hall measurements
has been written on the basis of a MATLAB code written by Andreas Fiedler at
group Novel Materials, HU Berlin.
0 %% Hallmeasurement
%only works f o r measurement data o f the p r o f i l e in magnetic f i e l d :
%va l l ey−plateau−va l l ey−plateau − . . .− plateau−va l l e y
%the data has to be adapted to t h i s p r o f i l e
%the cur rent i s read from the f i l ename between the th i rd _ "...
underscore " and
5 %the "\microA "
clear a l l
hold o f f
format long
clc
10 c l f
close
%% Input F i l e l o c a t i o n
f i l e l o c a t i o n = ’D:\ ’ ; %=input ( ’ Enter f i l e l o c a t i o n ’ , ’ s ’ ) %’C: \ Users \...
GNM_06\Documents\Grosse \Promotion\ E l e c t r i c a l \Matlab\Matlab ’ %...
f i l e l o c a t i o n = input ( ’ Path ’ ) ;
15 f i l e l o c a t i o n r e s u l t s = ’D: \ ’ ; %=input ( ’ Enter f i l e l o c a t i o n f o r ...
r e s u l t s ’ , ’ s ’ ) %’C: \ Users \GNM_06\Documents\Grosse \Promotion\...
E l e c t r i c a l \Matlab\Matlab ’ %f i l e l o c a t i o n = input ( ’ Path ’ ) ;
h e ad e r l i n e s = 17 ; % Number o f rows over the measurement data in the ...
measurement f i l e
%%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−Input Parameters ...
−−−−−−−−−−−−−−−−−−−−−−−−−−−−
% i t i s o f t en nece s sa ry to measure with the 2182 because the ...
r e s o l u t i o n i s much h igher
20 Vrange2401 = 200∗10^(−3) ; % po s s i b l e ranges in Volt : 200∗10^(−3) ; 2...
; 20
Vrange2182 = 10∗10^(−3) ; % po s s i b l e ranges in Volt : 10∗10^(−3) ; ...
100∗10^(−3) ; 1 ; 10 ; 100
d=48.209∗10^(−9) ; % th i ckne s o f the sample in meter
d_Er=0.0∗10^(−9) ; % unce r ta in ty o f the th i ckne s in meter
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e lementarycharge =1.60217656535∗10^(−19) ; % the elementary charge (...
assuming no unc e r t a i n i t y )
25 %Current = 5∗10^(−5) ; % app l i ed cur rent (uncomment i f the cur rent i s ...
not wr i ten in the f i l ename )
%...
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−...
%% i n s e r t the parameters f o r the smoothing and the de r i v a t i on
% the smoothing f a c t o r "GLATT" and the " Anst iegsKr i ter ium " which ...
d e f i n e s
30 % the boundarie f o r the d e r i v a t i on o f the Magnetic F i e ld to be ...
t r e a t ed as zero
GLATT=1; % smoothing f a c t o r ranges from 1(no smoothing ) to about ...
1/10 o f p lateau length ( s t rong smoothing )
%Number o f e lements which were averaged in the convo lut ion func t i on ...
(GLATT−1 over lap )
Anst i egsKr i ter ium =0.007; % de f i n e s the boundary f o r the d e r i v a t i on ...
to be t r ea t ed as zero
35
%% so r t F i l e s
l o c e x i s t=exist ( f i l e l o c a t i o n , ’ d i r ’ ) ;
i f l o c e x i s t==0
40 disp ( ’ f i l e ␣ l o c a t i o n ␣does ␣not␣ e x i s t . ’ )
end
wi ldcard=’ \∗ ’ ;
f i l e e n d i n g=’ . txt ’ ;
45 d i r e c t o r y =[ f i l e l o c a t i o n , wi ldcard , f i l e e n d i n g ] ;
n ame s o f f i l e s = dir ( d i r e c t o r y ) ; %st ruc ture−array with a l l f i l enames
numbe ro f f i l e s = s ize ( nameso f f i l e s , 1 ) ; % Number o f . txt− f i l e s in ...
f o l d e r
50
F i l e s={zeros ( numbero f f i l e s , 1 ) } ; %dummy c e l l −array f o r f i l enames (...
r e s e r v e s to rage space )
%% s t ru c tu r e array −> st r ing−array
for f i l e n o =1: numbe ro f f i l e s
55 F i l e s ( f i l e n o )={name s o f f i l e s ( f i l e n o ) . name} ; % f i l l dummy with ...
f i l enames ( column " vec to r " )
end
%% re s e r v e s to rage space
Temp=zeros ( numbero f f i l e s , 1 ) ;
60 r e s i d u a l s=zeros ( length ( F i l e s ) , 1 ) ;
Ha l lKo e f f i z i e n t=zeros ( numbero f f i l e s , 1 ) ;
Ha l lKoe f f i z i en t_Er=zeros ( numbero f f i l e s , 1 ) ;
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Ha l l c o e f f i c i en t_wi thou t_th i ckne s s=zeros ( numbero f f i l e s , 1 ) ;
Ha l l coe f f i c i ent_without_th i cknes s_Er=zeros ( numbero f f i l e s , 1 ) ;
65 chargedens i ty=zeros ( numbero f f i l e s , 1 ) ;
chargedensity_Er=zeros ( numbero f f i l e s , 1 ) ;
Rsquare=zeros ( numbero f f i l e s , 1 ) ;
Rsquare ind i ca tor=zeros ( numbero f f i l e s , 1 ) ;
70 %% Loop over a l l f i l e s
for x=1: numbe ro f f i l e s
%% get Temps from f i l enames
f i l e name s s=char ( F i l e s ( x ) ) ;
C = text scan ( f i l enames s , ’%∗s ␣%∗s ␣%∗s ␣T2=%7.4 f ␣%∗s ’ ) ;
75 Temp(x , 1 )=C{1} ;
%% get Currents from f i l enames
Plotmeasuretime=s t r f i n d ( f i l enames s , ’_ ’ ) ;
bbbb=s t r f i n d ( f i l enames s , ’microA ’ ) ;
Current=st r2doub l e ( f i l e name s s ( ( Plotmeasuretime (3 )+1) : ( bbbb−1) ) ) ...
∗10^(−6) ;
80 %% open F i l e
f i d =0; %f i l e i d e n t i f i e r
while f i d < 1 % get cur rent f i l ename , whi l e loop f o r e r r o r ...
message i f f i l e does not e x i s t
f i l ename=char ( F i l e s ( x ) ) ;
f u l l f i l e n ame =[ f i l e l o c a t i o n , ’ \ ’ , f i l ename ] ;
85 [ f i d , message ] = fopen ( f u l l f i l e n ame , ’ r ’ ) ;
i f f i d == −1





GPIB=text scan ( f id , ’GPIB0::%2 f ’ ) ;
GPIBadd=GPIB{1} ; %GPIB0 : : 1 6 : : INSTR, GPIB0 : : 1 2 : : INSTR, GPIB0...
: : 2 4 : : INSTR
95 %% read measurement data
Hallmessung = text scan ( f id , ’%s ␣%f ␣%f ␣%f ␣ ’ , ’ h e ad e r l i n e s ’ , ...
h e ad e r l i n e s ) ;
fc lose ( ’ a l l ’ ) ;
Date = Hallmessung {1} ;
Measuretime = Hallmessung {2} ;
100 Voltage = Hallmessung {3} ;
Magnet icFie ld = Hallmessung {4} ;
%% smooth measurement data
%measurement time
105 Measuretime=Measuretime /60000;
Measuretime2=conv (Measuretime ,1/GLATT∗ ones (GLATT, 1 ) ) ;%smoothing
Measuretime3=Measuretime2 (GLATT: ( length (Measuretime2 )−(GLATT−1) ) ...




110 Voltage2=conv ( Voltage , 1/GLATT∗ ones (GLATT, 1 ) ) ;%smoothing
Voltage3=Voltage2 (GLATT: ( length ( Voltage2 )−(GLATT−1) ) ) ;%cut o f f ...
boundar ies
%magnetic f i e l d
Magnet icFie ld2=conv ( MagneticField , 1/GLATT∗ ones (GLATT, 1 ) ) ;%...
smoothing
115 Magnet icFie ld3=Magnet icFie ld2 (GLATT: ( length ( Magnet icFie ld2 )−(...
GLATT−1) ) ) ;%cut o f boundar ies
%% de r i v a t i on to f i nd the p la t eaus
s lopeMagnet ic = d i f f ( Magnet icFie ld3 ) . / d i f f (Measuretime3 ) ;
120 % the x va lue s o f the d e r i v a t i on has to be sh i f t ed , too
x_slopeMagnetic=(Measuretime3 ( 1 : ( end−1) )+d i f f (Measuretime3 ) . / 2 ) ;
% f i nd the indece s f o r x :
% r e s e r v e s to rage space and s e t a l l i n d i c e s 0 ( " f a l s e " ) :
125 Indiz_plateau=zeros ( s ize ( x_slopeMagnetic ) ) ;
Ind i z_va l l ey=zeros ( s ize ( x_slopeMagnetic ) ) ;
%s e t the p o s i t i o n s where the d e r i v a t i on=0 to 1 ( " t rue " ) :
Indiz_plateau ( ( Anst iegsKriter ium>slopeMagnet ic&slopeMagnetic>−...
Anst i egsKr i ter ium )&(Magnet icFie ld3 ( 1 : 1 : ( end−1) ) >0.03) )=1;
Ind i z_va l l ey ( ( Anst iegsKriter ium>slopeMagnet ic&slopeMagnetic>−...
Anst i egsKr i ter ium )&(Magnet icFie ld3 ( 1 : 1 : ( end−1) ) <=0.03) )=1;
130 %f i nd the p o s i t i o n s where the p la t eaus s t a r t s and ends
B= [ ] ;
for i =1: length ( Indiz_plateau )−2
i f ( Indiz_plateau ( i +1)−Indiz_plateau ( i )~= 0) ;
B=[B i +1] ;
135 end
end
%f ind the p o s i t i o n s where the v a l l e y s s t a r t s and ends
A= [ ] ;
for i =1: length ( Ind i z_va l l ey )−2
140 i f ( Ind i z_va l l ey ( i +1)−Ind i z_va l l ey ( i )~= 0) ;
A=[A i +1] ;
end
end
%se t the f i r s t po int o f the data to the s t a r t i n g po int o f the ...
f i r s t
145 %va l l e y ( the p r o f i l e de s c r ibed at the top i s nece s sa ry )
A=[1 A length ( Ind i z_va l l ey ) ] ;
%so r t the boundar ies in pa i r s ( s t a r t i n g and ending po int o f the ...
i−th
%plateau / va l l e y )
Val ley_Limits=reshape (A, 2 , [ ] ) ;
150 Plateau_Limits=reshape (B , 2 , [ ] ) ;
%% temperature f i t
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% se t t h i s v a r i a b l e s back to an empty matrix
TempVoltage = [ ] ;
155 TempMeasuretime = [ ] ;
% temperature− f i t l im i t s ( assuming a constant Temperature T1 and...
a
% equa l ing temperature T2)
for i =1: length ( Val ley_Limits ) ;
TempVoltage = [ TempVoltage Voltage3 ( Val ley_Limits (1 , i ) : ...
Val ley_Limits (2 , i ) ) ’ ] ;
160 TempMeasuretime =[TempMeasuretime Measuretime3 ( Val ley_Limits ...
( 1 , i ) : Val ley_Limits (2 , i ) ) ’ ] ;
end
% de f i n e s the temperatur f i t f unc t i on
i f ( ( TempVoltage (end)−TempVoltage (1 ) ) /(TempMeasuretime (end)−...
TempMeasuretime (1 ) ) )<=0
tempf i t = @(y , a ) ( y (1 )+exp( y (2 )−(y (3 ) .∗ a ) ) ) ;
165 else
t empf i t = @(y , a ) ( y (1 )−exp( y (2 )−(y (3 ) .∗ a ) ) ) ;
end
%se t the s t a r t i n g c o e f f i c i e n t s f o r the f i t
c o e f f s t a r t = [ TempVoltage (end) , TempMeasuretime (1 ) , 1 ] ;
170 %se t f i t opt ions
opts = s t a t s e t ( ’ MaxIter ’ ,10000 , ’ Display ’ , ’ n o t i f y ’ , ’TolX ’ ,eps , ’ ...
TolFun ’ ,eps ) ;
%perform the f i t
Temperature f i t = n l i n f i t (TempMeasuretime , TempVoltage , tempf it , ...
c o e f f s t a r t , opts ) ;
175 Plotmeasuretime=Measuretime3 ;
i f ( ( TempVoltage (end)−TempVoltage (1 ) ) /(TempMeasuretime (end)−...
TempMeasuretime (1 ) ) )<=0
funct = ( Temperature f i t (1 )+exp( Temperature f i t (2 )−(Temperature f i t ...
( 3 ) .∗ Plotmeasuretime ) ) ) ;
funct2 = ( c o e f f s t a r t (1 )+exp( c o e f f s t a r t (2 )−( c o e f f s t a r t (3 ) .∗ ...
Plotmeasuretime ) ) ) ;
else
180 funct = ( Temperature f i t (1 )−exp( Temperature f i t (2 )−(Temperature f i t ...
( 3 ) .∗ Plotmeasuretime ) ) ) ;
funct2 = ( c o e f f s t a r t (1 )−exp( c o e f f s t a r t (2 )−( c o e f f s t a r t (3 ) .∗ ...
Plotmeasuretime ) ) ) ;
end
%plo t the Temperature f i t
185 f igure ( ’ v i s i b l e ’ , ’ o f f ’ )
plot (TempMeasuretime , TempVoltage , ’b . ’ , . . .
Plotmeasuretime , funct , ’ r−− ’ ) ;
xlabel ( ’ Measuretime␣ [ min ] ’ ) ;
ylabel ( ’ Voltage ␣ [V] ’ )
190 grid on
legend ( ’Measurement ’ , ’ Temperature␣ Fit ’ , ’ Locat ion ’ , ’ Best ’ ) ;
fnam=sprintf ( ’%s%s%s_%s ’ , f i l e l o c a t i o n r e s u l t s , ’ \ ’ , char ( F i l e s ( x ) ) , ...
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’ Temperatur f i t . png ’ ) ;
print ( ’−dpng ’ , ’−r300 ’ , fnam)
close
195
%r e c a l c u l a t e the Voltage with the temperature
Voltage3=Voltage3−funct ;
% p lo t the smoothed and t empe ra tu r e f i t t ed measuring data ...
i n c l ud ing the
200 % plateau and va l l e y l im i t s ( always check t h i s p l o t s to be sure ...
that
% the ana l y s i s works )
f igure ( ’ v i s i b l e ’ , ’ o f f ’ )
[AX,H1 ,H2]=plotyy (Measuretime , MagneticField , . . .
Measuretime3 , Voltage3 .∗1000) ; hold on ;
205 set (get (AX(1) , ’ Ylabe l ’ ) , ’ S t r ing ’ , ’ Magnetic␣ F i e ld ␣ [T] ’ ) ;
set (get (AX(2) , ’ Ylabe l ’ ) , ’ S t r ing ’ , ’ Voltage ␣ [mV] ’ ) ;
set (H1 , ’ Color ’ , ’ b ’ ) ;
set (H2 , ’ Color ’ , ’ k ’ ) ;
plot ( x_slopeMagnetic , Indiz_plateau , ’ g−− ’ , . . .
210 x_slopeMagnetic , Ind iz_va l l ey , ’m.− ’ ) ; hold o f f ;
xlabel ( ’ Measuretime␣ [ min ] ’ ) ;
grid on
legend ( ’ Magnetic␣ F i e ld ’ , ’ Plateau ␣Limits ’ , ’ Val ley ␣Limits ’ , ’ ...
smoothed␣Voltage ’ , ’ Locat ion ’ , ’ Best ’ ) ;
fnam=sprintf ( ’%s%s%s_%s ’ , f i l e l o c a t i o n r e s u l t s , ’ \ ’ , char ( F i l e s ( x ) ) , ...
’ p l a t eaus . png ’ ) ;
215 print ( ’−dpng ’ , ’−r300 ’ , fnam)
close
%Uncerta inty o f the Voltage
220 %% Keith ley 2401
i f GPIBadd == 24 | | GPIBadd == 25 | | GPIBadd == 23 | | GPIBadd ...
== 26
i f Vrange2401 == 200∗10^(−3)
weights=10^(−6)∗ ones ( length ( Voltage3 ) ,1 ) ;
e l s e i f Vrange2401 == 2
225 weights=10^(−5)∗ ones ( length ( Voltage3 ) ,1 ) ;
e l s e i f Vrange2401 == 20
weights=10^(−4)∗ ones ( length ( Voltage3 ) ,1 ) ;
else
d i sp l ay ( ’ Enter ␣ c o r r e c t ␣Voltage ␣ range . ’ )
230 end
%%Keith ley 2182
e l s e i f GPIBadd == 12 | | GPIBadd == 16
i f Vrange2182 == 10∗10^(−3)
weights=10^(−9)∗ ones ( length ( Voltage3 ) ,1 ) ;
235 e l s e i f Vrange2182 == 100∗10^(−3)
weights=10^(−8)∗ ones ( length ( Voltage3 ) ,1 ) ;
e l s e i f Vrange2812 == 1
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weights=10^(−7)∗ ones ( length ( Voltage3 ) ,1 ) ;
e l s e i f Vrange2812 == 10
240 weights=10^(−6)∗ ones ( length ( Voltage3 ) ,1 ) ;
e l s e i f Vrange2182 == 100
weights=10^(−5)∗ ones ( length ( Voltage3 ) ,1 ) ;
else
d i sp l ay ( ’ Enter ␣ c o r r e c t ␣Voltage ␣ range . ’ )
245 end
else
d i sp l ay ( ’GPIB−adre s s ␣not␣ found ! ’ )
end
weights = weights /sqrt (GLATT) ; % e r r o r propagat ion f o r smoothing
250
% get the l ength o f a l l v a l l e y s
Length_Valleys = 0 ;
for i = 1 : length ( Val ley_Limits )
Length_Valleys = Length_Valleys+(Val ley_Limits (2 , i )−...
Val ley_Limits (1 , i ) ) ;
255 end
%Magnetic f i e l d and Ha l l vo l t ag e at the zero po int
Mag=zeros (1 ) ;
Hal lVol tage=zeros (1 ) ;
HallVoltage_Er=sum( weights ) / length ( weights ) /sqrt ( Length_Valleys ) ...
;
260 %Hal l Voltage between the p la t eaus and the v a l l e y s
for i =1: length ( Plateau_Limits )
% c a l c u l a t e the Magnetic f i e l d at the p la t eaus
Mag=[Mag sum( Magnet icFie ld ( Plateau_Limits (1 , i ) : ...
Plateau_Limits (2 , i ) ) ) / length ( Magnet icFie ld ( ...
Plateau_Limits (1 , i ) : Plateau_Limits (2 , i ) ) ) ] ;
% c a l c u l a t e the Hall−Voltage
265 % l i n e a r Fit through the v a l l e y s to c a l c u l a t e the Valley−...
Voltage
% and the e r r o s
[ f i tVo l tage_Val l ey , fun ] = f i t ( . . .
[ Measuretime3 ( Val ley_Limits (1 , i ) : Val ley_Limits (2 , i ) ) ’ ...
Measuretime3 ( Val ley_Limits (1 , i +1) : Val ley_Limits (2 , i ...
+1) ) ’ ] ’ , . . .
[ Voltage3 ( Val ley_Limits (1 , i ) : Val ley_Limits (2 , i ) ) ’ ...
Voltage3 ( Val ley_Limits (1 , i +1) : Val ley_Limits (2 , i +1) )...
’ ] ’ , . . .
270 ’ poly1 ’ , ’Weight ’ , . . .
1 . / ( [ weights ( Val ley_Limits (1 , i ) : Val ley_Limits (2 , i ) ) ’ ...
we ights ( Val ley_Limits (1 , i +1) : Val ley_Limits (2 , i +1) )...
’ ] ’ . ^ 2 ) ) ;
f i tVoltage_Val ley_Er = con f i n t ( f i tVo l tage_Val l ey ) ;
% get the mean Plateau−Voltage f o r each Plateau and the ...
e r r o r s
Plateau_Voltage = (sum( Voltage3 ( Plateau_Limits (1 , i ) : 1 : ...
Plateau_Limits (2 , i ) ) ) ) / length ( Voltage3 ( Plateau_Limits (1 , ...
i ) : 1 : Plateau_Limits (2 , i ) ) ) ;
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275 Plateau_Voltage_Er = sqrt (sum( weights ( Plateau_Limits (1 , i ) : 1 : ...
Plateau_Limits (2 , i ) ) . ^2 ) ) /( length ( Plateau_Limits (1 , i ) : 1 : ...
Plateau_Limits (2 , i ) ) ) ;
% get the va lue s o f the Valley−Voltages from the f i t
Valley_Voltage = f i tVo l tage_Val l ey . p1∗Measuretime ( ( ...
Plateau_Limits (1 , i )+f loor ( ( Plateau_Limits (2 , i )−...
Plateau_Limits (1 , i ) ) /2) ) )+f i tVo l tage_Va l l ey . p2 ;
Valley_Voltage_Er = sqrt ( ( ( f i tVoltage_Val ley_Er (2 , 1 )−...
f i tVoltage_Val ley_Er (1 , 1 ) ) /2∗Measuretime ( Plateau_Limits...
( 1 , i )+f loor ( ( Plateau_Limits (2 , i )−Plateau_Limits (1 , i ) ) /2)...
) ) ^2+(( f i tVoltage_Val ley_Er (2 , 2 )−f i tVoltage_Val ley_Er...
( 1 , 2 ) ) /2) ^2) ;
% Calcu la t e the Hall−Voltages from the p la t eaus and v a l l e y s
280 Hal lVol tage=[Hal lVol tage ( Plateau_Voltage−Valley_Voltage ) ] ;
HallVoltage_Er=[HallVoltage_Er sqrt ( ( Plateau_Voltage_Er )^2+(...
Valley_Voltage_Er ) ^2) ] ;
end
%% Lin i e a r Fi t to c a l c u l a t e the Hal l c o e f f i c i e n t
285 % de f i n e s the f i t f unc t i on
H a l l f i t = f i t t y p e (@(p1 , x ) ( p1 .∗ x ) ) ;
%s e t the s t a r t i n g c o e f f i c i e n t s f o r the f i t
c o e f f s t a r t = Hal lVol tage (end) ;
%perform the f i t
290 [ f i t r e s u l t , go f ] = f i t (Mag’ , Hal lVoltage ’ , H a l l f i t , ’ S ta r t ’ , ...
c o e f f s t a r t , ’Weights ’ , 1 . / ( HallVoltage_Er ’ . ^ 2 ) ) ;
R_intervals = con f i n t ( f i t r e s u l t ) ;
PearsonRsquare = gof . r square ;
Fit_p1 = f i t r e s u l t . p1 ;
F i t_error = max(abs ( f i t r e s u l t . p1−R_intervals (1 ) ) ,abs ( f i t r e s u l t . ...
p1−R_intervals (2 ) ) ) ;
295 % Ca l cu l a t ing the f i t po in t s f o r the p l o t
Ha l lVo l tage_f i t = Mag∗Fit_p1 ;
%% −−−−−−−−−−−−−−−c a l c u l a t i n g the Hal l c o e f f i z i e n t ...
−−−−−−−−−−−−−−−−−−
Ha l lKo e f f i z i e n t (x , 1 ) = −Fit_p1∗d/Current ∗(100^3) ; % 100^3 to get ...
the Unit : cm^3/As
300 Ha l lKoe f f i z i en t_Er (x , 1 ) = sqrt ( ( d/Current∗Fit_error ) ^2+(Fit_p1/...
Current∗d_Er) ^2) ∗(100^3) ; % 100^3 to get the Unit : cm^3/As
Ha l l c o e f f i c i en t_wi thou t_th i ckne s s (x , 1 ) = −Fit_p1/Current ;
Ha l l coe f f i c i ent_without_th i cknes s_Er (x , 1 ) = Fit_error /Current ;
Rsquare (x , 1 )=PearsonRsquare ;
i f PearsonRsquare < 0.999945
305 Rsquare ind i cator (x , 1 ) =1;
end
%% Plot the l i n e a r f i t o f the Hal l c o e f f i c i e n t
f igure ( ’ v i s i b l e ’ , ’ o f f ’ )
plot (Mag, Hal lVoltage , ’ . ’ , . . .
310 Mag, Ha l lVo l tage_f i t , ’ r− ’ ) ;
xlabel ( ’ Magnetic␣ F i e ld ␣B␣ [T] ’ ) ;
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ylabel ( ’ Hal lVol tage ␣V_H␣ [V] ’ ) ;
grid on
hold on
315 errorbar (Mag, Hal lVoltage , HallVoltage_Er , ’ . ’ )
legend ( ’Data ’ , ’ L inear ␣ Fit ’ , ’ Locat ion ’ , ’ Best ’ ) ;
hold o f f
fnam=sprintf ( ’%s%s%s_%s ’ , f i l e l o c a t i o n r e s u l t s , ’ \ ’ , char ( F i l e s ( x ) ) , ...
’ . png ’ ) ;
print ( ’−dpng ’ , ’−r300 ’ , fnam)
320 close
%Res idua l s
r e s = Hal lVoltage ’ − Hal lVo l tage_f i t ’ ;
f igure ( ’ v i s i b l e ’ , ’ o f f ’ )
325 plot (Mag, res , ’ . ’ , ’ MarkerSize ’ , 25)
xlabel ( ’ Magnetic␣ F i e ld ␣B␣ [T] ’ ) ;
ylabel ( ’ Res idua l s ␣ [V] ’ ) ;
legend ( ’ Res idua l s ’ , ’ Locat ion ’ , ’ Best ’ ) ;
330 for i =1: length ( r e s )
i f abs ( r e s ( i ) ) >= 3∗HallVoltage_Er ( i )
warn4=sprintf ( ’ Res idua l ␣ high ␣ f o r ␣ f i l e ␣%s ␣ at ␣Magnetic␣ F i e ld ␣...
%3.0 f ␣mT. ’ , char ( F i l e s ( x ) ) , Mag( i ) ∗1000) ;
disp (warn4 ) ;
r e s i d u a l s (x , 1 )=r e s i d u a l s (x , 1 ) +1;
335 end
end
fnam=sprintf ( ’%s%s%s_%s ’ , f i l e l o c a t i o n r e s u l t s , ’ \ ’ , char ( F i l e s ( x ) ) , ...
’ _res . png ’ ) ;
print ( ’−dpng ’ , fnam)
close
340 end
%% plo t Hal l c o e f f i c i e n t vs Temp
HallKurve = [Temp Ha l lKo e f f i z i e n t Ha l lKoe f f i z i en t_Er ] ;
HallKurve = sort rows ( HallKurve , 1 ) ;
345 f igure ( ’ v i s i b l e ’ , ’ o f f ’ )
errorbar ( HallKurve ( : , 1 ) , HallKurve ( : , 2 ) , HallKurve ( : , 3 ) , ’b . ’ )
xlabel ( ’ Temperature␣T␣ [K] ’ ) ;
ylabel ( ’ Hall−Co e f f i c i e n t ␣R_H␣ [ cm^{3}␣A^{−1}␣ s ^{−1}] ’ ) ;
legend ( ’Measurement ’ , ’ Locat ion ’ , ’ Best ’ ) ;
350 hold on
plot ( HallKurve ( : , 1 ) , HallKurve ( : , 2 ) )
hold o f f
fnam=sprintf ( ’%s%s%s_%s ’ , f i l e l o c a t i o n r e s u l t s , ’ \ ’ , char ( F i l e s (1 ) ) , ’ ...
_Ha l l c o e f f i c i e n t . png ’ ) ;
print ( ’−dpng ’ , ’−r1200 ’ , fnam)
355 close
%% −−−−−−−−−−−−−−−c a l c u l a t e the charge c a r r i e r dens i ty−−−−−−−−−−−−−
% only saves the charge c a r r i e r dens i ty when there i s no change in ...
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% the temperature dependent h a l l c o e f f i c i e n t ( s i n g l e band model )
360 i f (abs (sum( sign ( Ha l lKo e f f i z i e n t ) ) )==numbe ro f f i l e s )
chargedens i ty = 1 . / ( e lementarycharge .∗ abs ( Ha l lKo e f f i z i e n t ) ) ;
chargedensity_Er = sqrt ( ( Ha l lKoe f f i z i ent_Er . / ( e lementarycharge .∗ ...
abs ( Ha l lKo e f f i z i e n t ) . ^2 ) ) . ^2 ) ;
365 %p lo t chrage c a r r i e r dens i ty vs Temp
chargedens ityKurve = [Temp chargedens i ty chargedensity_Er ] ;
chargedens ityKurve = sort rows ( chargedensityKurve , 1 ) ;
f igure ( ’ v i s i b l e ’ , ’ o f f ’ )
errorbar ( chargedens ityKurve ( : , 1 ) , chargedens ityKurve ( : , 2 ) , ...
chargedens ityKurve ( : , 3 ) , ’ b . ’ )
370 xlabel ( ’ Temperature␣T␣ [K] ’ ) ;
ylabel ( ’ charge ␣ dens i ty ␣ [ cm^{−3}] ’ ) ;
legend ( ’Measurement ’ , ’ Locat ion ’ , ’ Best ’ ) ;
hold on
plot ( chargedens ityKurve ( : , 1 ) , chargedens ityKurve ( : , 2 ) )
375 hold o f f
fnam=sprintf ( ’%s%s%s_%s ’ , f i l e l o c a t i o n r e s u l t s , ’ \ ’ , char ( F i l e s (1 ) ) , ...
’ _chargedens ity . png ’ ) ;
print ( ’−dpng ’ , ’−r1200 ’ , fnam)
close
%save Pauw−r e s i s t i v i t y and AverageTemp and B− f i e l d and 1...
s t f i l e name in dat− f i l e
380 fnam=sprintf ( ’%s%s%s_%s ’ , f i l e l o c a t i o n r e s u l t s , ’ \ ’ , char ( F i l e s (1 ) ) , ...
’ _Hall . dat ’ ) ;
f i d = fopen ( fnam , ’wt ’ ) ;
fpr intf ( f i d , ’%s ; ␣%s ; ␣%s ; ␣%s ; ␣%s ; ␣%s ; ␣%s ; ␣%s ; ␣%s ; ␣%s ; ␣%s ; ␣%s ; ␣%s...
; ␣\n ’ , ’ Temperature ’ , ’ Error ␣Temperature ’ , ’ Ha l l ␣ C o e f f i c i e n t ’ ...
, ’ Error ␣Hal l ␣ Co e f f i c i e n t ’ , ’ Charge␣ Car r i e r ␣Density ’ , ’ Error ␣...
Charge␣ Car r i e r ␣Density ’ , ’ RSquare ’ , ’ non␣ l i n e a r ? ’ , ’ Res idua l s ␣...
high ? ’ , ’ Thickness ’ , ’ Error ␣ th i ckne s s ’ , ’ Ha l l ␣without ␣ th i ckne s s ...
’ , ’ Error ␣Hal l ␣without ␣ th i ckne s s ’ ) ;
fpr intf ( f i d , ’%s ; ␣%s ; ␣%s ; ␣%s ; ␣%s ; ␣%s ; ␣%s ; ␣%s ; ␣%s ; ␣%s ; ␣%s ; ␣%s ; ␣%s...
; ␣\n ’ , ’K ’ , ’K ’ , ’cm^{3}␣A^{−1}␣ s^{−1} ’ , ’cm^{3}␣A^{−1}␣ s^{−1} ’ ...
, ’cm^{−3} ’ , ’cm^{−3} ’ , ’ ␣ ’ , ’ ( Rsquare <0.999945) ’ , ’ ( res >3∗...
HallVoltage_Er ) ’ , ’nm ’ , ’nm ’ , ’m^{2}␣A^{−1}␣ s^{−1} ’ , ’m^{2}␣A...
^{−1}␣ s^{−1} ’ ) ;
385 for row=1: numbe ro f f i l e s
fpr intf ( f i d , ’%.8 f ; ␣%.8 f ; ␣%.8 f ; ␣%.8 f ; ␣%.8 f ; ␣%.8 f ; ␣%.8 f ; ␣%.8 f ...
; ␣%.8 f ; ␣%.12 f ; ␣%.12 f ; ␣%.8 f ; ␣%.8 f ; \ n ’ , Temp( row ) , 0 . 5 , ...
H a l lKo e f f i z i e n t ( row ) , Ha l lKoe f f i z i en t_Er ( row ) , ...
chargedens i ty ( row ) , chargedensity_Er ( row ) , Rsquare ( row ) , ...
Rsquare ind i ca tor ( row ) , r e s i d u a l s ( row ) ,d∗10^9 ,d_Er∗10^9 ,...
Ha l l c o e f f i c i en t_wi thou t_th i ckne s s ( row ) , ...
Ha l l coe f f i c i ent_without_th i cknes s_Er ( row ) ) ;
end
fc lose ( ’ a l l ’ ) ;
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close
390 else
d i sp l ay ( ’ There␣ i s ␣a␣change␣ in ␣ s i gn ␣ in ␣Hal l ␣ c o e f f i c i e n t , ␣ the ␣...
charge ␣ c a r r i e r ␣ dens i ty ␣ i s ␣not␣ c a l c u l a t ed . ’ )
%save Pauw−r e s i s t i v i t y and AverageTemp and B− f i e l d and 1...
s t f i l e name in dat− f i l e
fnam=sprintf ( ’%s%s%s_%s ’ , f i l e l o c a t i o n r e s u l t s , ’ \ ’ , char ( F i l e s (1 ) ) , ...
’ _Hall . dat ’ ) ;
f i d = fopen ( fnam , ’wt ’ ) ;
395
fpr intf ( f i d , ’%s ; ,% s ; ␣%s ; ␣%s ; ␣%s ; ␣%s ; ␣%s ; ␣%s ; ␣%s ; ␣%s ; ␣%s ; ␣\n ’ , ’ ...
Temperature ’ , ’ Error ␣Temperature ’ , ’ Ha l l ␣ C o e f f i c i e n t ’ , ’ Error ␣...
Ha l l ␣ C o e f f i c i e n t ’ , ’ RSquare ’ , ’ non␣ l i n e a r ? ’ , ’ Res idua l s ␣ high ? ’ , ...
’ Thickness ’ , ’ Error ␣ th i ckne s s ’ , ’ Ha l l ␣without ␣ th i c kne s s ’ , ’ ...
Error ␣Hal l ␣without ␣ th i c kne s s ’ ) ;
fpr intf ( f i d , ’%s ; ␣%s ; ␣%s ; ␣%s ; ␣%s ; ␣%s ; ␣%s ; ␣%s ; ␣%s ; ␣%s ; ␣%s ; ␣\n ’ , ’ ...
K ’ , ’K ’ , ’cm^{3}␣A^{−1}␣ s^{−1} ’ , ’cm^{3}␣A^{−1}␣ s^{−1} ’ , ’ ’ , ’ ( ...
Rsquare <0.999945) ’ , ’ ( res >3∗HallVoltage_Er ) ’ , ’nm ’ , ’nm ’ , ’m^{2}...
␣A^{−1}␣ s^{−1} ’ , ’m^{2}␣A^{−1}␣ s^{−1} ’ ) ;
for row=1: numbe ro f f i l e s
fpr intf ( f i d , ’%.8 f ␣%.8 f ; ␣%.8 f ; ␣%.8 f ; ␣%.8 f ; ␣%.8 f ; ␣%.8 f ; ␣%.12 f ; ␣...
%.12 f ; ␣%.8 f ; ␣%.8 f ; ␣\n ’ , Temp( row ) , 0 . 5 , Ha l lKo e f f i z i e n t ( row ) , ...
Ha l lKoe f f i z i en t_Er ( row ) , Rsquare ( row ) , Rsquare ind i cator ( row ) , ...
r e s i d u a l s ( row ) ,d∗10^9 ,d_Er∗10^9 ,...
Ha l l c o e f f i c i en t_wi thou t_th i ckne s s ( row ) , ...
Ha l l coe f f i c i ent_without_th i cknes s_Er ( row ) ) ;
400 end
fc lose ( ’ a l l ’ ) ;
close
end
405 a l l r e s u l t s =[Mag’ , Hal lVoltage ’ , HallVoltage_Er ’ ]
B.18 Mathematica and code for the analysis of
magnetic-field-dependent magnetoresistance measurements
Resistivity tensor in two-band model
Calculation of resistivity tensor, Hall coefficient and magnetoresistance in two-
band model (2 layers) using the Mathematica:
q1 = −e;
q2 = e;
A1 = n ∗ e ∗ u1/(1 + u1∧2 ∗B∧2);
A2 = p ∗ e ∗ u2/(1 + u2∧2 ∗B∧2);
B1 = n ∗ q1 ∗ u1∧2 ∗B/(1 + u1∧2 ∗B∧2);
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rhoxx = Factor[Simplify[rho[[1, 1]]]]
(t1+t2)(nt1u1+pt2u2+B2pt2u12u2+B2nt1u1u22)
e(n2t12u12+2npt1t2u1u2+p2t22u22+B2n2t12u12u22−2B2npt1t2u12u22+B2p2t22u12u22)
rhoxx0 = With[{B = 0},Evaluate[rhoxx]]
(t1+t2)(nt1u1+pt2u2)
e(n2t12u12+2npt1t2u1u2+p2t22u22)
Magnetoresistance = Factor[Simplify[(rhoxx− rhoxx0)/rhoxx0]]
B2npt1t2u1u2(u1+u2)2
n2t12u12+2npt1t2u1u2+p2t22u22+B2n2t12u12u22−2B2npt1t2u12u22+B2p2t22u12u22
Create fitfunction for magnetoresistance vs. B
0 % solve_equation_system_u1_n1 .m
% c r e a t e s a f i t f o r Magnetores i s tance vs . B in a two−l a y e r model ...
with u1
% ( mob i l i ty o f l aye r1 ) and n1 ( c a r r i e r dens i ty o f l a y e r 1) as ...
f i t pa r ame t e r s
syms n1 u1 u2 n2 h a l l rho t1 t2 e l B q1 q2
5 % Solve equat ion system o f rho and H a l l c o e f f i c i e n t f o r n2 and u2 :
So l = so l v e ( rho == ( t1 + t2 ) . / ( e l .∗ n1 .∗ t1 .∗ u1 + e l .∗ n2 .∗ t2 .∗ u2 ) , h a l l ...
== ( ( t1 + t2 ) . ∗ ( q1 .∗ n1 .∗ t1 .∗ u1 .^2 + q2 .∗ n2 .∗ t2 .∗ u2 .^2 ) ) . / ( e l ...
. ^2∗ ( n1 . ^ 2 . ∗ t1 . ^ 2 . ∗ u1 .^2 + 2 .∗ n1 .∗ n2 .∗ t1 .∗ t2 .∗ u1 .∗ u2 + n2 . ^ 2 . ∗ t2...
. ^ 2 . ∗ u2 .^2 ) ) , n2 , u2 )
n2= Sol . n2
u2= Sol . u2
% Subs t i tu t e the r e s u l t s f o r n2 and u2 in to two−band equat ion f o r
10 % magnetores i s tance :
Magnetores =(B. ^ 2 . ∗ n1 .∗ n2 .∗ t1 .∗ t2 .∗ u1 .∗ u2 . ∗ ( u1 − u2 . ∗ ( q1 . / q2 ) ) . ^2 ) ...
. / ( ( n1 .∗ t1 .∗ u1 + n2 .∗ t2 .∗ u2 ) .^2 + B.^2 . ∗ u1 . ^ 2 . ∗ u2 . ^ 2 . ∗ ( n1 .∗ t1 + ...
n2 .∗ t2 . ∗ ( q1 . / q2 ) ) . ^2 )
% Change the name o f the v a r i a b l e s n1 and u2 f o r use in the program
% Magnetores i s tanceBf i tu1n1 .m:
MRneu=subs (Magnetores , u1 , ’ a (1 ) ’ ) ; % name u1 a (1 ) f o r the f i t
15 MRneu2=subs (MRneu, n1 , ’ a (2 ) ’ ) % name n1 a (2 ) f o r the f i t
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Fit to magnetic-field-dependent magnetoresistance with MATLAB
0 % Magnetores i s tanceBf i tu1n1 .m
% Makes a f i t to data magnetores i s tance vs magnetic f i e l d us ing two−...
band
% model with n1 and u1 as f i t parameters .
% The input f i l e must conta in magnetic f i e l d ( in Tes la ) as 1 s t
% column and Magnetores i s tance ( in Percent ) in second column .
5
clear al l , hold o f f , format long , d i g i t s (50) , clc , cl f , close
%% Enter input f i l e l o c a t i o n
10 h ead e r l i n e s = 2 ; % Number o f h e ad e r l i n e s o f input f i l e
f i l e l o c a t i o nMR f i l e = ’D:\m=6_2K. txt ’ ;
f i l e l o c a t i o n r e s u l t s = ’D:\ f i t s ’ ;
%% Enter input va lue s ( a l l l eng th s in micrometer ) :
15 e l = 1.602176565∗10^( −19) ; % elementary charge
q1=−e l ; %f o r e l e c t r o n s : q1=−e l ; f o r ho l e s : q1=e l
q2=e l ; %f o r e l e c t r o n s : q2=−e l ; f o r ho l e s : q2=e l
rho = 33.9528 ; %in uWm
20 ha l l =6.659 ∗10^(9) ; %(um) ^3/As
t1 = 5.4∗10^−4; %
t2 = 32.4∗10^−4; %
%% Read va lue s from . txt f i l e
25
f i d = fopen ( f i l e l o c a t i o nMR f i l e ) ;
MRfile = text scan ( f id , ’%f ␣%f ␣ ’ , ’ h e ad e r l i n e s ’ , 2 , ’ d e l im i t e r ’ , ...
’ ; ’ ) ;
B = MRfile {1} ;
B=B./ (10^ (12 ) ) ;
30 MR = MRfile {2} . /100 ;
fc lose ( f i d ) ;
%% f i t
% f i t pa r ame t e r s are in vec to r a : a (1 )=u1 ; a (2 )=n1 , f i t f u n c t i o n ...
c r ea ted by
35 % " solve_equation_system_u1_n1 .m" and r ep l a c e ∗ / and ^ by .∗ . / ...
and .^
MRfitfc = @(a ,B) ( (B. ^ 2 . ∗ t1 .∗ a (1 ) .∗ a (2 ) . ∗ ( a (1 ) − ( e l .∗ q1 .∗(− q1 .∗ t1...
.∗ a (1 ) .^2∗ a (2 ) .∗ rho .^2 + ha l l .∗ t1 + ha l l .∗ t2 ) ) . / ( q2 . ^ 2 . ∗ rho . ∗ ( t1...
+ t2 − e l .∗ rho .∗ t1 .∗ a (1 ) .∗ a (2 ) ) ) ) . ^ 2 . ∗ ( t1 + t2 − e l .∗ rho .∗ t1 .∗ a...
( 1 ) .∗ a (2 ) ) ) . / ( e l .∗ rho . ∗ ( ( t1 .∗ a (1 ) .∗ a (2 ) + ( t1 + t2 − e l .∗ rho .∗ t1...
.∗ a (1 ) .∗ a (2 ) ) . / ( e l .∗ rho ) ) .^2 + (B. ^ 2 . ∗ e l . ^ 2 . ∗ a (1 ) . ^ 2 . ∗ ( t1 .∗ a (2 ) ...
+ ( q1 . ∗ ( t1 + t2 − e l .∗ rho .∗ t1 .∗ a (1 ) .∗ a (2 ) ) . ^2 ) . / ( e l .^2.∗( − q1 .∗ ...
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t1 .∗ a (1 ) . ^ 2 . ∗ a (2 ) .∗ rho .^2 + ha l l .∗ t1 + ha l l .∗ t2 ) ) ) .^2.∗( − q1 .∗ t1...
.∗ a (1 ) . ^ 2 . ∗ a (2 ) .∗ rho .^2 + ha l l .∗ t1 + ha l l .∗ t2 ) . ^2 ) . / ( q2 . ^ 2 . ∗ rho...
. ^ 2 . ∗ ( t1 + t2 − e l .∗ rho .∗ t1 .∗ a (1 ) .∗ a (2 ) ) . ^2 ) ) ) ) ;
%s e t the s t a r t i n g c o e f f i c i e n t s f o r the f i t
c o e f f s t a r t = [80∗10^(8) ,10^7 ] % i f u1 , n1 f o r Nbse2 : [ 80∗10^(8) ...
, 1 0^7 ] ; f o r SnSe : 4∗10^11 ,5∗10^4
%se t f i t opt ions
40 opts = s t a t s e t ( ’ MaxIter ’ ,500000 , ’ Display ’ , ’ n o t i f y ’ , ’TolX ’ ,eps , ’ ...
TolFun ’ ,eps ) ;
%perform the f i t
[ MRfit , r , J , cov , mse ] = n l i n f i t (B,MR, MRfitfc , c o e f f s t a r t , opts ) ;
%r e s u l t s f o r u1 and n1 in s u i t a b l e un i t s
45 u1res=MRfit (1 ) /(10^8) ; %in cm^2/Vs
n1res=MRfit (2 ) ∗(10^12) ; %in cm^−3
%e r r o r s o f f i t r e s u l t s :
c i = n l p a r c i (MRfit , r , ’ covar ’ ,cov , ’ a lpha ’ , 0 . 0 5 ) ;
50 e r ro ru1=( c i ( 1 , 2 )−c i ( 1 , 1 ) ) /2/(10^8) ;
e r ro rn1=( c i ( 2 , 2 )−c i ( 2 , 1 ) ) /2∗(10^12) ;
%func t i on f o r u2 and n2 ( c rea ted by " solve_equation_system_u1_n1 .m...
" )
u2=@(u1 , n1 ) ( ( e l ∗(− n1∗q1∗ t1 ∗ rho^2∗u1^2 + ha l l ∗ t1 + ha l l ∗ t2 ) ) /( q2∗ rho...
∗( t1 + t2 − e l ∗n1∗ rho∗ t1 ∗u1 ) ) ) ;
55 n2=@(u1 , n1 ) ( ( q2 ∗( t1 + t2 − e l ∗n1∗ rho∗ t1 ∗u1 ) ^2) /( e l ^2∗ t2∗(− n1∗q1∗ t1 ∗...
rho ^2∗u1^2 + ha l l ∗ t1 + ha l l ∗ t2 ) ) ) ;
u2res=u2 (MRfit (1 ) ,MRfit (2 ) ) /(10^8) ;%in cm^2/Vs
n2res=n2 (MRfit (1 ) ,MRfit (2 ) ) ∗(10^12) ;%in cm^−3
60 a l l r e s u l t s=c e l l ( 8 , 2 ) ’ ;
a l l r e s u l t s ( 1 , 1 )={ ’ u1␣ (cm^2/Vs) ’ } ;
a l l r e s u l t s ( 1 , 2 )={ ’ error_u1␣ (cm^2/Vs) ’ } ;
a l l r e s u l t s ( 1 , 3 )={ ’ n1␣ (cm^−3) ’ } ;
a l l r e s u l t s ( 1 , 4 )={ ’ e r r o r ␣n1␣ (cm^−3) ’ } ;
65 a l l r e s u l t s ( 1 , 5 )={ ’ u2␣ (cm^2/Vs) ’ } ;
a l l r e s u l t s ( 1 , 6 )={ ’ e r r o r ␣u2␣ (cm^2/Vs) ’ } ;
a l l r e s u l t s ( 1 , 7 )={ ’ n2␣ (cm^−3) ’ } ;
a l l r e s u l t s ( 1 , 8 )={ ’ e r r o r ␣n2␣ (cm^−3) ’ } ;
70 a l l r e s u l t s ( 2 , 1 )={u1res } ;
a l l r e s u l t s ( 2 , 2 )={er roru1 } ;
a l l r e s u l t s ( 2 , 3 )={n1res } ;
a l l r e s u l t s ( 2 , 4 )={er rorn1 } ;
a l l r e s u l t s ( 2 , 5 )={u2res } ;
75 a l l r e s u l t s ( 2 , 6 ) ={0};
a l l r e s u l t s ( 2 , 7 )={n2res } ;
a l l r e s u l t s ( 2 , 8 ) ={0};
a l l r e s u l t s=a l l r e s u l t s ’ ;
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80 f igure ( ’ v i s i b l e ’ , ’ o f f ’ )
plot (B,MR, ’ . ’ , . . .
B, MRfitfc (MRfit ,B) , ’ r− ’ ) ;
xlabel ( ’ Magnetic␣ f i e l d ␣B␣ [T] ’ ) ;
ylabel ( ’ Magnetores i s tance ’ ) ;
85 grid on
hold on
legend ( ’Data ’ , ’ F i t ’ , ’ Locat ion ’ , ’ Best ’ ) ;
hold o f f
fnam=sprintf ( ’%s%s%s_%s ’ , f i l e l o c a t i o n r e s u l t s , ’ \ ’ , ’ 4K_eh ’ , ’_MRfit . jpg...
’ ) ;
90 print ( ’−dpng ’ , ’−r300 ’ , fnam)
close
%% Save f i t t e d data
MRfitted=MRfitfc ( [ MRfit (1 ) ,MRfit (2 ) ] ,B) ∗100 ; % in Percent ;
95 B=B.∗ ( 10^ (12 ) ) ;
%1 s t column : B(T) , 2nd column : f i t t e d magnetores i s tance (%)
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